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Summary 

Energy derived from nuclear sources can be u t i l i z e d  e i t h e r  
i n  the  form of high energy r ad ia t ion ,  thermal energy o r  e l e c t r i c a l  
energy. Each of these energy forms can be employed to  produce 
non-fossil chemical fue l s  by transformation of ava i l ab le  non- 
f o s s i l  substances. A s  a general  de f in i t i on ,  ava i l ab le  non- . 
f o s s i l  fue l  substances a r e  a l l  resources o ther  than coa l ,  pe t ro l -  
eum, o r  na tura l  gas. Thus t h e  substances t h a t  can serve as  raw 
mater ia l s  for nuclear energy conversion to non-fossil  chemical 
fue ls ,  a r e  bas i ca l ly  t h e  substances found i n  water, a i r ,  and 
minerals. 

High energy r ad ia t ion  from nuclear f i s s i o n  can be u t i l i z e d  
e i t h e r  d i r e c t l y  a s  f i s s i o n  fragment energy i n  a chemonuclear 
reac tor  o r  i nd i r ec t ly  a s  neutron, gamma, and be ta  energy fram 
iso topic  sources. Fiss ion fragment energy is ac tua l ly  t h e  only 
rad ia t ion  energy source t h a t  can be generated i n  s u f f i c i e n t  
quant i ty  and a t  l o w  enough c o s t  of be considered f o r  production 
of fue ls .  The two basic fuels t h a t  can be generated a r e  hydrogen 
from water and carbon dioxide,  and carbon monoxide from carbon 
dioxide,  
o r  can be subsequently converted to high BTU gas or other  l i q u i d  
hydrocarbons. The main d i f f i c u l t i e s  with f i s s i o n  fragment chemo- 
mrlear systems a r e  obtaining s u f f i c i e n t l y  high y i e lds  of fuel 
gases and demonstrating t h a t  a f u e l  e s s e n t i a l l y  f r e e  of radio- 
ac t ive  f i s s i o n  fragments can be produced, 

The hydrogen and carbon monoxide can be used a s  fuels 

Thermal energy from nucIear f i s s i o n  i n  t h e  form of steam or 
a high temperature gas stream such a s  helium can, conceivably, 
be used to crack water t o  hydrogen and carbon dioxide t o  carbon 
monoxide. Carbon dioxide can be derived from thermal de- 
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composition of limestone o r  b y  ex t r ac t ion  from the  atmosphere. 
However, t h e  tempera tures .a re  too  high t o  allow s a f e  operat ion of 
t he  nuclear r e a c t m s  required f o r  these  processes with the  
mater ia ls  of cons t ruc t ion  general ly  ava i lab le .  Nuclear thermal 
energy can be used t o  preheat  streams and makeup hea t  balances 
and t o  gasify c o a l  and thus,  although not  s t r i c t l y  a source of 
non-fossil chemical f u e l  serves  t o  p a r t i a l l y  extend the supply 
of  non-fossil f u e l .  

Nuclear based e l e c t r i c a l  energy der ived from standard steam 
and gas p o w r  cyc les  o r  from more advanced cycles such a s  MHD 
can be u t i l i z e d  t o  power e l e c t r o l y t i c  cel ls  o r  electric d is -  
charges. 
source of fuel o r  converted t o  a number of o ther  fue l s  including 
ammonia, methanol, metGane, hydrazine, acetylene,  and others .  
The e l e c t r i c  discharge can a l s o  be employed t o  decompose water 
and carbon dioxide,  however, t h i s  process is usua l ly  less 
e f f i c i e n t  than e l e c t r o l y s i s .  Aluminum, magnesium, and o ther  
r eac t ive  metals can be electrochemically produced and used as  
fue ls .  

I n  e l e c t r o i y t i c  c e l l s ,  water can be used a s  a primary 

Probably t h e  most p r a c t i c a l  source of  nuc lea r  based non- 
f o s s i l  chemical f u e l s  is the  nuclear f i s s i o n  reac tor  powered 
e l e c t r o l y t i c  decomposition of  water t o  hydrogen. 

Another c l a s s  of  non-fossil f u e l s  a r e  the  boranes, and 
s i l a n e s ,  These can be der ived from hydrogen, borax and s i l i c a .  

I n  the longer  term fu tu re  it i s  conceivable t h a t  fusion 
energy w i l l  r ep lace  f i s s i o n  a s  a nuclear source. Generally 
fusion could be appl ied  i n  s imi l a r  fashion t o  the  above 
processed to produce non-fossil chemical f u e l s .  



I. Introduction 

Probably the  best way to  set  t h e  ground r u l e s  f o r  t h i s  
Symposium is t o  def ine  what a non-fossil chemical fuel is. 
Very generally a f u e l  i s  a slibstance which when made t o  r e a c t  
releases energy i n  one form or another. 
a fuel which r e l eases  energy when t h e  f u e l  is  made t o  undergo a 
chemical transformation. A non-fossil chemical fuel i s  a chemical 
fuel which is derived from non-fossil substances. Non-fossil 
substances a r e  generally a l l  substances o the r  than coa l ,  
petroleum or na tu ra l  gas. 

A chemical f u e l  i s  

Some of t he  reasons fo r  considering non-fossil  chemical 
fuels are as follows: 

1. Foss i l  fuels a r e  being depleted a t  an increas ingly  
rap id  r a t e .  It is estimated t h a t  by the  end of this century 
the  U.S. na tu ra l  gas suppl ies  w i l l  be l a r g e l y  exhausted and t h a t  
less than 10% of the  e l e c t r i c a l  power generating capac i ty  w i l l  
be supplied by o i l  and gas ( l0 ) .  The major sources of f u e l  f o r  
e l e c t r i c a l  power w i l l  be derived from coa l  and nuclear. 
and gas w i l l  be mainly used f o r  fue l ing  mobile engines. 
Al te rna te  sources of chemical fuels would thus  conserve our 
f o s s i l  f u e l  reserves.  

O i l  

2. Foss i l  fue l  i n  t h e  form of na t rua l  'gas and o i l  a l s o  
serve t h e  chemical indus t ry  fo r  non-fuel purposes. Thus non- 
f o s s i l  chemical fuels would a i d  t h e  chemical i ndus t ry  i n  ex- 
tending i t s  reserved of raw materials.  
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3 .  Non-fossil chemical f u e l s  would add t o  t h e  supply of l o w  
pol lut ion fuels.  Natural  gas and some o i l  reserves  a r e  present ly  
premium sources of l o w  po l lu t ion  electrical  power. 

4. Non-fossil chemical f u e l s  can a c t  a s  energy s torage 
systems. 

5. It i s  a l s o  poss ib l e  t h a t  mare e f f i c i e n t  fue l s  can be 
produced from non-fossi l  sources. 

In  order t o  produce a chemical f u e l  from non-fossil sub- 
s tances ,  energy i s  required i n  t h e  transformation process. Ad-  
hering s t r i c t l y  to d e f i n i t i o n ,  t h i s  energy must be derived 
from non-fossil fue ls .  This restricts the  energy sources t o '  
nuclear,  hydroe lec t r i c ,  s o l a r ,  geothermal, t i d a l ,  and meteoro- 
log ica l .  From t h e  p o i n t  of view of long term a v a i l a b i l i t y  and 
in t ens i ty ,  nuclear energy w i l l  be t h e  main viable  non-fossil 
energy source. Nuclear energy a t  present  i s  derived from 
f i s s ionab le  fuel.  I n  the  fu ture ,  nuclear fusion w i l l  a l s o  be a 
major energy source. 

In  order f o r  non-fossil  substances t o  be a major source of 
raw mater ia l  f o r  non-fossil  chemical fue l s  the substances must 
be r ead i ly  ava i l ab le  and abundant i n  supply. The raw mater ia l  
sources,  e s s e n t i a l l y  reduce t o  t h e  following: 

1. W a t e r  - H20 
2. A i r  C02- 02, N2 and A r  

3 .  Minerals - l imestone, dolomite, bauxi te ,  borax, 
and s i l i c a .  

4. Waste Mater ia ls .  

2 
Without necessa r i ly  going i n t o  t h e  ac tua l  quan t i ty  of co 

e x i s t i n g  i n  the  atmosphere, t h e  almost 600 mil l ion tons o f  coa l  
produced and consumed i n  t h e  united S t a t e s  annually i s  released 
t o  t h e  atmosphere a s  carbon dioxide.  There i s  thus  no question 
t h a t  there  is an abundant co2 supply i n  t h e  atmosphere. 
an engineering and economics problem t o  recover t h e  C02 by some 
process f o r  example, e i t h e r  absorption o r  by cryogenic separation. 
A b e n e f i t  o f  a C 0 2  recovery 'process might be t o  maintain the  C02 
balance in  the  atmosphere and avoid the  possible  "greenhouse 
e f f ec t "  of increasing t h e  e a r t h ' s  temperature by infra-red ab- 
sorpt ion due t o  inc reas ing  cO2 concentrations. 

It is  
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The reason w a s t e  mater ia l s  a r e  included i n  t h e  above l i s t i n g  
i s  t h a t  there  is a mounting supply and although much of t h e  waste 
is derived from f o s s i l  f u e l ,  t h e  production of chemical fuel from 
waste i s  not  a direct der iva t ion  from f o s s i l  fuel. For example 
p a r t  of t h e  co2 i n  t h e  atmosphere i s  derived from f o s s i l  f u e l  and 
it becanes ava i lab le  a s  a non-fossil  source of chemical fuel. 

Other propert ies  t h a t  can be ascr ibed t o  non-fossil  chemical 

1, Storable  
2. Transportable 
3. 

engines - 

f u e l s  are:  

Easi ly  u t i l i z e d  i n  conventional and non-conventional 

F o s s i l  f u e l s  a r e  e s s e n t i a l l y  reduced chemical substances which 
when oxidized i n  t h e  atmosphere y i e l d  exothermic r e a c t i o n s  which 
i s  t h e  b a s i s  of t h e  f u e l  cycle.  Several  prime reac t ions  and energy 
re leases  a r e  a s  f o l l o w s :  

Kcal/mol AH298. 2 

-94.0 

-67.9 

= (3/2n +1/2)02 = nC02+(n+l)H20 'nH2n+2 

To produce non-fossil  f u e l s ,  nuclear energy can be used t o  
reverse t h i s  thermodynamic cyc le  and e s s e n t i a l l y  t h e  energy is 
converted and stored i n  t h e  form of chemical energy i n  t h e  chemical 
fuels .  I n  another sense,  nuclear energy i s  used to  recycle  pro- 
ducts  formed i n  t h e  u t i l i z a t i o n  of f o s s i l  fue ls .  

Energy derived f rom nuclear sources can be u t i l i z e d  e i t h e r  i n  
t h e  form of high energy r a d i a t i o n ,  thermal energy or e l e c t r i c a l  
energy a s  discussed i n  t h e  following. 

Chemonuclear Reactors 

High energy r a d i a t i o n  from nuclear f i s s i o n  can be u t i l i z e d  
e i t h e r  d i r e c t l y  as f i s s i o n  fragment energy i n  a chemonuclear 
reactor o r  i n d i r e c t l y  as neutron, gamma and be ta  energy from 
iso topic  sources. F iss ion  fragment energy containing 85% of  
the energy released i n  f i s s i o n  i s  a c t u a l l y  t h e  only r a d i a t i o n  

\ 
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energy source t h a t  can  be generated i n  s u f f i c i e n t  quan t i ty  a s  a t  
low enough c o s t  t o  be considered f o r  production o f  fue ls .  The two 
bas i c  chemical f u e l s  t h a t  can be generated a r e  hydrogen from water 
and carbon monoxide from carbon dioxide. The following t ab le  
indicates  t h e  maximum rad ia t ion  y i e l d  (G values i n  molecules/100 ev) 
and e f f i c i ency  of conversion for these two systems ( 3 ) .  

Table 1 

Reaction 
AH298. 2 G Energy E Thermal 
Kcal/mol & exp m h ( t ) / l b  eff ic iency % 

+57.9 39.9 6 101.5 15.0 

co2 = co + ?io2 +67.6 34.1 10 
(4) (9) (9) 

4.3 29.4 

Because t h e  f u e l  gases  a r e  generated together ,  separation from the 
oxygen i s  required.  Furthermore, s ince  t h e  thermal eff ic iency i s  
not  very high, a t tempts  a r e  made t o  u t i l i z e  t h e  excess thermal 
energy for  t h e  generat ion of e l e c t r i c a l  power. However, upper 
temperature limits must be imposed t o  prevent back reactions.  
This could a c t  a s  a r e s t r i c t i o n  f o r  generating power i n  multi-  
purpose chemonuclear r eac to r s .  The hydrogen and t h e  CO can be con- 
ver ted by means of t h e  water gas react ions t o  gaseous o r  l i qu id  
hydrocarbon fue l .  

I 
OH298.2 K c  a I/mo 1 

-9.7 

-49.4 

The  source o f  C02 could e i t h e r  come from t h e  atmosphere 
which has an abundant supply although i t  i s  i n  r e l a t i v e l y  low 
concentrations (0.03% by volume). CO can a l s o  be derived from 
t h e  ca l c ina t ion  o f  limestone. 2 

CaCo3 = cao + co2 = 43.7 Kcal/mol AH298. 2 

A flow sheet  of a chemonuclear process fo r  t h e  synthesis  of Co 
and subsequently hydrogen is  shown i n  Figure 1. 
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The main d i f f i c u l t i e s  with f i s s i o n  fragment chemonuclear systems 
a r e  obtaining s u f f i c i e n t l y  high y i e l d s  of f u e l  gases and demonstrat- 
ing t h a t  a f u e l  e s s e n t i a l l y  f r e e  of r ad ioac t ive  f i s s i o n  fragments 
can be produced. 
t o  t h e  poin t  of t h e  i n s t a l l a t i o n  of an in- i l e  research loop i n t o  
the  Brookhaven Graphite Research Reactor. 
development w a s  i n t e r rup ted  due t o  a reduction i n  funds f o r  main- 

f e a s i b i l i t y  was ind ica ted  assuming t h e  technological problems 
w e r e  solved. 

Thermal Energy from Nuclear Reactors 

Conventional nuclear f i s s i o n  r e a c t o r s  usua l ly  have c l a d  f u e l  
elements so t h a t  t he  f i s s i o n  fragments a r e  slowed down and remain 
i n  t h e  s o l i d  elements. 
degraded t o  hea t  and t h e  temperature of t h e  f u e l  elements rise. 
This thermal energy can be used to c a r r y  ou t  chemical reac t ions .  
I n  water type r eac to r s ,  both of t h e  pressurized or b o i l i n g  water 
type, t he  f u e l  element cladding ma te r i a l s  a r e  usua l ly  s t a i n l e s s  
steel. For long l i f e  of t he  elements i n  the  r eac to r ,  t h e  temp- 
e ra tu re  of the steam generated i n  t h e  r eac to r  is usua l ly  l imi t ed  
t o  ~=575OF and 1000 p s i  pressure. 

The development of chemonuclear r e a c t o r s  progressed 

I (37 Unfortunately t h e  

* t a in ing  operation of t h e  research reactor.  P o t e n t i a l  economic 

The high i n t e n s i t y  energy i n  t h e  fragments i s  

I n  t h e  near term fu tu re  it is expected t h a t  the l i q u i d  metal 

These reac to r s  are expected t o  operate a t  a high- 
f a s t  breeder r tactors  w i l l  t ake  over a l a rge  p a r t  of t h e  nuclear 
power economy. 
er temperature i n  the  order of 1200-14000F. 
are too low t o  supply energy f o r  producing non-fossil chemical 

gas i f i ca t ion  reac t ions .  

These temperatures 

I fuels e i t h e r  b y  decomposition of water or carbon dioxide or by 

The thermal decomposition of w a t e r  r equ i r e s  temperatures i n  
t h e  order of 50OO0F or more t o  y i e l d  over 10% conversion to 
hydrogen. 
nuclear r eac to r s  t h a t  could achieve these thermal conditions.  The 

tu rb ine  conditions i n  t h e  a i r c r a f t  nuclear propulsion program. 
The mater ia l s  t h a t  w e r e  being considered w e r e  of t h e  r e f r ac to ry  
metal  va r i e ty  including, rhodium and tungsten. However, they 
w e r e  not expected t o  generate high temperature gas streams much 
above approximately 300O0F. The ultra-high temperature reac tor  
experiment a t  Los Alamos (URTREX) was a molten plutonium reac to r  
experiment and was intended t o  opera te  below 3000O~. 

There a r e  no r e l i a b l e  ma te r i a l s  of cons t ruc t ion  f o r  

\ highest temperature experimental r eac to r s  developed w e r e  f o r  gas 

? 

\ 

It appears possible t o  ca r ry  out  g a s i f i c a t i o n  r eac t ions  
using nuclear heat. 
f o s s i l  chemical fu l e ,  because the  g a s i f i c a t i o n  r eac t ions  are 

Although s t r i c t l y  not  a source of non- 
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endothermic, the nuclear hea t  can be considered a s  being converted 
t o  non-fossil  chemical fuel i n  a hybrid system. 

The coal  g a s i f i c a t i o n  react ions a r e  a s  follows: 

Reaction Temperature AH298.2 

+41.5 

41.3 

1600°F 

1800°F 

The reac t ions  a r e  endothermic and requi re  energy input t o  
t h e  system. 

By means of t h e  water has s h i f t  reac t ion  and t h e  methanation 
react ion,  high BTU p ipe  l i n e  gas can be produced. 

Reaction Temperature AH298. 2 

-17.9 

7 OOOF 

1000°F 

These a r e  exothermic react ions and usual ly  do not  require  
any external  source of energy. 

NOnUally t h e  endothermic hea t  of t h e  g a s i f i c a t i o n  react ion 
i s  supplied i n t e r n a l l y  by combustion of addi t iona l  amounts of 
coal. In  order t o  prevent d i l u t i o n  of the gases with nitrogen 
from the  atmosphere, pure oxygen i s  used t o  r e a c t  with t h e  coal. 
By using nuclear h e a t ,  oxygen would not  be required. 
overa l l  heat  balance an  equivanent of approximately 30% of the  
fue l  gas would be generated from t h e  non-fossil nuclear f u e l  
sOilrce. 

From an 

Another s i g n i f i c a n t  source of non-fossil chemical f u e l  is 
t h e  s o l i d  waste generated i n  e i t h e r  urban or a g r i c u l t u r a l  
communities. For example, urban wastes contain up to  70% com- 
b u s t i b l e  mater ia l  and usual ly  have heating values ranging i n  
the order of 4000-5000 BTU/lb. 
source of carbon and hydrogen i n  g a s i f i c a t i o n  reac t ions  analogous 
t o  t h e  coal  reac t ions  given above. 

Sol id  waste can a l s o  a c t  a s  a 
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The high temperature gas cooled r eac to r s  (HTGR) 
which a re .cooled  with helium can generate gas temper- 
a tu re s  i n  the  order  of 1600OF. The high temperature helium 
stream can be used t o  i n d i r e c t l y  hea t  t he  coa l  gas i f i ca t ion  

carbide.  It was recent ly  announced(9) t h a t  a s tudy of t h i s  system 
is being i n i t i a t e d .  The heat  t r a n s f e r  mater ia l  i n  t h e  gas i f i ca t ion  
reac tor  is a c r i t i ca l  f ac to r  i n  the p r a c t a b i l i t y  of  such a system. 

reactor .  The fue l  elements a r e  made of graphi te  c l a d  uranium i 

Table 2 lists a summary of the  temperature condi t ions fo r  
d i f f e r e n t  power reactors .  

Table 2 

Temperature Conditions f o r  
Di f fe ren t  Types of Nuclear Reactors 

Maximum Coolant 
Reactor type Fuel element Coo l a  n t  Temperature 

575OF 

57S0F 
H2° 

H2° 

Biol ing Water BWR st. st.  

Pressurized Water PWR st. st.  

IMFBR Reactor Zirconium Na l O O 0 O P  

High Temperature Gas Graphite 

U l t r a  High Temperature Molten Pu 

Cooled Reactor 

Reactor Experiment 
UHTREX 

He 1700°F 

30000F 

Airc ra f t  Nuclear Tungsten, A i r  3000°F 
Propulsion Reactor Rhodium 

Nuclear hea t  can a l s o  be used t o  make up hea t  balances fo r  

This a l s o  can be con- 
hybrid power systems using coa l  gas i f i ca t ion  i n  conjunction with 
magnetohydrodynamic power generation. (5 
s idered  from the  poin t  of  view of extending the gas  supply using 
nuclear.  

Another place i n  the  non-fossil  fue l  scheme where nuclear 
hea t  can be used i s  i n  t h e  ca l c ina t ion  of limestone f o r  the  
generation of CO2, a source 'of carbon f o r  hydrocarbon fue ls .  
The reac t ion  takes  place a t  approximately 15000F and t h e  endo- 
thermic hea t  of reac t ion  is as follows: 



1  AH^^^ Kcal/mol 

cells t o  e l e c t r o l y t i c a l l y  decompose water t o  hydrogen and oxygen. 
The hydrogen can either be used a s  a primary source of f u e l  or can  
be converted t o  a number of other  f u e l s  including ammonia, methanol, ' 

-43.7 

methane,. hydrazine, acetylene,  and o ther  hydrocarbon fuels .  

For producing high BTU pipe l i n e  g a s  by use  of nuclear 
e l e c t r i c  p o w e r  t h e  sequence of reac t ions  a r e  a s  follows. 

B lec t ro ly t i c  Decomposition H O  2 (a )=  H2 + 1/202 
(9) (9) 

co Production from a i r  or 2 

ca IC ina t ion  

Reverse s h i f t  conversion 

Methanation 

A i r  K O 2 )  = COz. 
(9) 

The coupling of nuclear power r e a c t o r s  with electrochemical 
cells has been discussed prevtously under t h e  nomenclature of 
electrocheanonuclear systems. (-1 They a l s o  form the  b a s i s  f o r  
t h e  multipurpose agro- indus t r ia l  complex and t h e  bluplex ( 4 8 7 )  

which have been widely discussed and recent ly  s tud ied  i n  d e t a i l .  

The electrochemical decomposition o f  water has been 
a c c a p l i 8 h e d  in w e l l  developed low pressure atmospheric cells 
a t  e f f ic ienc ie6  of 60 t o  70%. 
pressure cell6 which opera te  a t  pressure8 of 30 atmospheres or 
above can develop efficiencieei of 85% as l i s t e d  in Table 3. 

' 

The more r ecen t ly  developed high 
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Table 3 

The Electrochemical Decamposition o f  Water 

C e l i  Efficiency KWIl/lbH, IWB/MSCF H2 

100% t h e o r e t i c a l  17 -8 94.5 
85% hi-pressure 21.0 112.0 
65% low-pressure 27.4 145 -5 

A flow sheet of t h e  process s t e p s  f o r  t h e  synthes is  of non- 
f o s s i l  high BTU methane p ipe l ine  gas is shown i n  Figure 2. The 
econgnics of t he  process depends s t rongly  on t h e  c o s t  of e l e c t r i c a l  
power f rgn  l a rge  nuclear r eac to r s  and on the u t i l i z a t i o n  of by- 
product.oxygen. I n  t h e  scheme i n  Figure 2 ,  t h e  oxygen is used f o r  
g a s i f i c a t i o n  of coa l  i n  an adjoining u n i t  t o  add t o  t h e  production 
of methane fuel.  A h o s t  of other  uses  f o r  by-product oxygen have 
been suggested such as i n  t h e  bas i c  oxygen furnace f o r  production 
of steel-. (1) 

To i l l u s t r a t e  t he  economics of such a process, f o r  a very 
l a rge  250 mi l l ion  cubic f e e t  per day high BTU methane f u e l  gas p l an t ,  
an electrical p o w e r  consumption of 4670 MW would be required t o  
produce t h e  necessary hydrogen t o  convert  t he  CO2 t o  q. 
from nuclear u n i t s  c o s t s  3 mils/Kwh, t h e  cos t  of electrical power 
for hydrogen production is $0.34/MSCF H2.  The deprec ia t ion  on the  
e l e c t r o l y t i c  cel l  p l an t  could add another 22% t o  t h e  c o s t ,  so t h a t  
t h e  e l e c t r i c a l  c o s t  r e a l l y  dominates t h e  production c o s t  for 
nuclear based e l e c t r o l y t i c  hydrogen. (4) Since 4 moles o f  hydrogen 
a r e  requi red  t o  combine with 1 mole of C02 t o  produce CH4 i n  t h e  
above non-fossil process scheme the  c o s t  of product methane 
production would be $0.67/MSCF. I f  a c r e d i t  o f  $6/ton o f  oxygen 
can be obtained then a c r e d i t  of $O.5O/MSCF methane r e s u l t s .  
Today very l a rge  s c a l e  oxygen p l an t s  might produce oxygen for  as 
low a s  $3/ton. Thus canbining-the lowest nuclear by-product 
power i n  t h e  f u t u r e  with t h e  lowest conventional oxygen c r e d i t  could 
b r ing  the  major f r a c t i o n  of t h e  methane production c o s t  down t o  
$0.42/MSCF. This compares t o  na tu ra l  gas today which is r i s i n g  
above $0.4O/MSCF. Gas fram pro jec ted  coa l  g a s i f i c a t i o n  p l a n t s  i s  
being estimated a t  $0.50 t o  $0.60 WSCF. Of .course, today the 
above estimates a r e  probably highly op t imis t i c ,  however, the 
p o s s i b i l i t y  of an economically competitive s i t u a t i o n  may e x i s t  
i n  t h e  future. This depends on a combination of f ac to r s ,  in- 
cluding t h e  l o g i s t i c s  o f  multipurpose process systems and t h e  
supply of na tu ra l  gas. A continuous examination of t hese  
f a c t o r s  could uncover an economically v i ab le  app l i ca t ion  of 
nuclear  based e l e c t r o l y t i c  systems. 

I f  power 



Other f u e l s  which can be produced from hydrogen and Co2 
e i t h e r  f r o m  t h e  atmosphere (2) o r  by ca lc in ing  limestone a r e  
l i s t e d  i n  Table 4. 

Table 4 

Fuels Which Can B e  Produced from H2 ,and CO 
2 

Reaction 

H 2 0  = Ha + 40, 
Fuel 
Hydrogen 

3H2 + N2 = 2NH3 Ammonia 

( 2 )  C02 + 3H2 = CH30H + H20 Methanol 

2CH4 = C H 

2NH3 = N H 

+ 3H2 

+ H2 2 4  

2 2  Acetylene 

Hydrazine 

E l e c t r i c a l  power from nuclear reactors  can a l s o  be used i n  
e l e c t r i c  discharge processes t o  decompose water or carbon dioxide. 
E lec t r ic  discharge processes a r e  usual ly  less e f f i c i e n t  than 
electrochemical processes. An e f f i c i e n t  process f o r  production 
of acetylene from calcium carbide produced by e l e c t r i c  furnace 
reaction of carbon with lime i s  a r e l a t i v e l y  e f f i c i e n t  reaction. 

+118.3 

CaC2 t 2H20(t)= C2H2 + Ca(OH)2 - 42.7 
(5) (9) (as) 

The use of nuclear electric power f o r  t h e  electric furnace 
production of carb ide  and subsequently acetylene can be viewed 
i n  t h e  same l i g h t  as t h e  use of nuclear heat i n  t h e  g a s i f i c a t i o n  
of coal.  With t h e  a i d  of coal ,  nuclear based e l e c t r i c a l  power 
can be converted t o  addi t iona l  non-fossil chemical fuel. 

Nuclear e l e c t r i c  power can be used t o  electrochemically 
produce aluminum and magnesium. These reac t ive  metals can 
be made t o  burn a s  s o l i d '  f u e l  and have indeed been used a s  
such i n  s p e c i a l l y  designed burners. Also hydrogen c a n  be 
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made t o  burn with halogens such as ch lor ine  t o  y i e l d  energy. 
non-fossil  fue l s  such a s  t h e  boranes which are boron-hydrogen 
compounds and t h e  s i l a n e s  which are silicon-hydrogen compounds 
can be produced f r m  non-fossil  na tu ra l  resources with t h e  aid 
of nuclear  energy. 
e a s i l y  burned i n  conventional engines and i n  addi t ion  cause 
severe mater ia l s  corrosion problems and introduce excessive 
po l lu t an t s  i n t o  the  environment. 

Other 

However, a l l  these  types o f  fuels cannot be 
L 
I 
I 

Nuclear Fusion Reactors 

I n  the  longer term fu tu re  it i s  conceivable t h a t  nuclear  
fusion reac t ions  u t i l i z i n g  deuterium as f u e l  w i l l  replace -- 

f i s s i o n  as the  prime nuclear energy source. Generally speak- 
ing  fusion could be appl ied i n  a fashion similar t o  f i s s i o n  a s  
shown i n  the  processes mentioned above f o r  producing non- 
f o s s i l  chemical fue ls .  Probably t h e  most p r a c t i c a l  method of  
u t i l i z i n g  nuclear fusion f o r  production o f  non-fossil  chemical 
fue l  is  t o  use t h e  e l e c t r i c a l  energy t o  decompose water f o r  
hydrogen and oxygen production and these  i n  t u r n  can be used 
a s  such o r  converted t o  o ther  chemical fue ls .  

I 
t 
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Introduction 

The predicted shortages of f o s s i l  f u e l s  at sme indefini te  time i n  the 
future nat-y gives r i s e  t o  a search for  alternatives.  
successors ultimately be dependent on e l e c t r i c  power used d i rec t ly  or stored 
in electrochemical bat ter ies?  Alternatively, w i l l  there  still be a role for 
energy stored and distributed in the form of l iquid fuels? Also one vishes 
t o  lmou the most probable source of these synthetic fuels.  U i U  it be best 
t o  use coal and tar sands a s  the source of energy or w i l l  nuclear parer be 
more at t ract ive? 

shall we or our 

In assessing the zost  p rokb le  routes which future  energy dis t r ibut ion 
w i l l  take, operating a s d  cap i ta l  costs are  of critical importance. 
dealing with the cost of a process which i s  not yet practised it is very 
d i f f i e d t  t o  be very precise ic one's estimates. 
paper an attempt is  made t o  suggest the arders of magnitude of cost involved 
in making synthetic f u s l s  derived essent ia l ly  from carbaa diaxide and water 
with the addition of energy fron a non-fossil source. 
such a course might be desirable a t  sane t i n e  in the future when fossil f u e l s  
are re lat ively scarce and nuclear power comparatively inexpensive. 

Y e t  in 

Nwertheless, in this 

It is assumed that 

Far autanotive use the convenience of a l iquid fuel is very desirable and 
the most conveniently produced l iquid fue l ,  given supplies of carbon d i d d e  
and water, is methanol. 
and with the addition of carbon dioxide by a suitable ca ta ly t ic  process, 
methanal results: 

Qdrogen may be produced by electrolysis  of water 

Overall reactions: 3H2 + Go;! -> CH3 OH + H20 

Alternatively, it vould be possible t o  mke hydrocarbons by the Fischelc 
Tropsch reaction. 

Thus, given the costs of making hydrogen and obtaining carbon d i d d e  
and adding the cost of a synthetic yrodess involved, it is  possible t o  gain 
some i d e a  of the cost of e i ther  methanol or a synthetic hydrocarbon fuel.  
It should be emphasised that the costs (calculated on a 1970 basis of money 
values) are  based on fi,mes obtained from various references and are not 
plant costings made by the appropriate Div is ims  of the F&yal Dutch/Shell 
Group of canpanies. 

In this paper the cost  of hjrdrogen manufacture u i l l  be first coosidered 
followed by the cost of obtaining carbon dioxide. 
f o r  methanol production and Fischer-Ropsch hydrocarbon synthesis then follow. 

Rough estimates are made of the  capi ta l  employed, the  energy consumed 

The synthetic processes 

and manufacturing costs on a stated basis. 
f u e l  route i n t o  perspective, a compaxism is made with the costs  of coal 
based fuels. 
gasoline engines and fael c e l l s  is compared with e l e c t r i c i t y  stored i n  
ba t te r ies  and used t o  dri7e electric vehicles. 

In order t o  put the synthetic 

Also the overall  efficiency achieved by using fue ls  in 
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11 Processes and economics t o  manufacture %on foss i l "  methand 
and Fischer-Ropsch msol ine  

1. Scale of operation and overal l  reactions 

A re la t ive ly  la rge  plant has been chosen since i t  i s  assumed that 
the  fuel would be required fo r  the domestic market: a methanol 
production of 16,000 Tomes per day (T/d) or al ternat ively 9,000 T/d 
Fischer-Tropsch gasoline. The lover heating values (LHV) of those 
products is 26.709 T d / y e a r ;  and is equivalent i n  LIT1 with 2.8 10' T/a 
automotive fuel ,  the  output of a typical modern refinery. 

The overall reactions of the processes which w i l l  be discussed in  the 
next section are: 

100% * 29,700 T/d H20 (1650 Tmd/d) e 3,300 T/d % (1650 Tmol/d) + oxygen 

60,000 T/d CA Cog (600 Tmol/d) 9@* e 21,200 T/d C02 ( 5 5 0  Tmol/d) 

+ calciiim oxide 

For Methanol 
24,200 T/d CO2 + 3,300 T/d H2 a eff 16,000 T/d CH3 OH ( 5 0 0  Tmd/d) 

+ water 

For Fischer-Tropsch gasolines * 
21,200 T/d C02 + 3,300 T/d % 3 9,000 T/d ;C% (500 'nnolC/d) 

+ water * material Salance efficiency 

2. Descriution of Processes 

(a) Hjrdrogen Production 

If fossil fue l s  a r e  ruled out as a source of hydrogen then 
hydrogen by high pressure e lec t ro lys i s  of water is the  obvious 
route. This subject has been considered i n  de t a i l  by Costa and 
Grimes (1) and da ta  derived frm t h e i r  work are given i n  Table 1 
which summarises process economics. In additian t o  hydrogen, 
vast quant i t ies  of axygen are  produced by electrolysis  of water. 
If a use were avai lable  f o r  all this oxygen then of course it 
would have by-product c red i t  but it would perhaps be unwise t o  
do this f o r  the speculative econany for uhich nan-fossil chemical 
fue ls  a re  required. In the  case of Fischer-Tropsch synthesis, 
some oxygen would be used i n  the plant itself. 

cost of the e l e c t r i c  parer on hydrogen: 80% of the hydrogen cost  
being represented by cost of the  e lec t r ic i ty .  
this figure might be reduced s l igh t ly  by improved electr-catalysis 
but at this stage it would seem unwise t o  make any such assumptions. 
S h i l a r l y ,  e l e c t r i c i t y  a t  l e s s  than 4.0 mils/kWh would reduce costs. 
Nevertheless it is fe l t  t h a t  t h i s  particular figure i s  as lou  a s  can 
be just i f ied.  

Reference t o  Table 1 ' w i l l  show the d o m i t  effect  of the  

It is  possible tha t  

(b) Carbon Diaxide F'roduction 

I n  the i r  work on liqirid fue l  synthesis using n c ear power i n  a 
mobile energy depot system by Steinberg and Beller r2f , a proposal 
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was made t o  extract  carbon dioxide from the atmosphere d i rec t ly  
by compressing air, condensing vater from it, drying the resul tant  
air with a molecular sieve and f ina l ly  extracting the carbon d i o x i d e  
by another molecular sieve. Our attempts t o  calculate the cost of 
obtaining carbon dioxide by this means were halted by the real isat ion 
tha t  the compressor costs would be simply enormous. 
vessels for ' the  molecular sieves and the  molecular sieves themselves 
would not be negligible i n  cost e i ther .  A t  the  present time obvious 
sources of carbon dicodde are  s tack gases of f o s s i l  f u e l  parer 
s ta t ions and the C@ exhaust from the hydrogen units of ammonia 
plants, hydrocrackers etc. 
Viu not be available i n  the same region i n  suf f ic ien t  quant i t ies  t o  
supply wholly synthetic fue l  plants. A method which would avoid the 
need t o  pressurise the atmosphere would be t o  scrub the  carbon 
dioxide from air by means of sodium or potassium hydroxide solution. 
It i s  d i f f icu l t  however t o  assign cost data t o  this process which has 
not been applied on any scale. 

The pressure 

However it is  assumed tha t  such sources 

The process f i n a l l y  chosen f o r  evaluation was t o  obtain carbon 
dioxide by calcining limestone rock and spreading the resul tant  
calcium oxide back on the land. The quicMime would subsequently 
hydrate and f ina l ly  carbonate by natural  exposure t o  the  elements. 
On t h i s  basis the synthetic fue l  source is  thought of as being 
situated near t o  a s i t e  from which carbonate rock could be mined 
and which provides plenty of land on which the resu l tan t  lime could 
be spread t o  weather fo r  re-cycle. 
consideration were given t o  such a process, a considerable amount 
of experiment would be needed t o  determine i t s  f eas ib i l i t y .  
example, r a t e s  of carbonisation and dusting problems of the  quick- 
lime would have t o  be evaluated. 
been estimated from the costs  of lime ki lns  i n  the  U.K. 
costs  af 50% over those of a coal f i r e d  kiln were included t o  allow 
f o r  a heat exchanger from nuclear heat. It i s  assumed that heat is  
available at half the cost of e lec t r i c i ty  i.e. O.O02/kWh. 
al ternat ive of e l ec t r i ca l  heating would increase overal l  costs  by 
about 5@. 

Clearly, i f  ever serious 

For 

The costs  given i n  Table 1 have 
Capital 

The 

Some perspective on the  amount of C02 available from the 
atmosphere for  conversion t o  fue l  i s  t h a t  the atmosphe i c  reservoir 
of carbon dioxide appears t o  be about 2.5 x 10l2 tons f3 ) .  As the 
concentration of carbon diaxide i n  t h e  atmosphere i s  about 320 
par t s  per million, each cubic kilometre of air contains roughly 
430 tons of carbon diaxi.de. 
about the ear th ' s  surface the atmospheric system i s  f a i r l y  well 
s t i r red  and one would not expect great  d i f f i cu l ty  due t o  lack of 
C02 i n  any par t icular  area. 

Because of the rapidi ty  of a i r  movements 

(c )  Manufacture of Methanol 

Methanol-synthesis i s  a well established indus t r ia l  process. 
Feedstock fo r  t h i s  process - as well as fo r  the Fischer-Tropsch 
route - i s  a synthesis gas consisting of H2 and CO i n  the r a t i o  of 
about two, w i t h  minor amounts of C02 and &O. The C O  i s  obtained 
from C% by the reversed sh i f t  reaction 

C02 + E$ = H20 4 +CO 
The l a t e s t  low pressure processes have improved the economics of 
the  Methanol-synthesis. 
the figures summarised i n  Table 1. 

Published data have been used t o  provide 
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Since one is  talking about the fu ture , . i t  is interest ing t o  
speculate about an al ternat ive process for the manufacture of 
methanol by means of the electrolysis  of potassium carbonate. 
The authors are  not aware of any data which show whether or not 
this process is  i n  f a c t  feasible ,  but were it t o  be s o  the 
following cathodic reaction could be expected t o  take place. 

- 
CO; + 6H20 + 6e e CH30H + 80H- 

I f  indeed it  were possible t o  carry out t h i s  reaction then it 
would not  be necessary t o  manufacture hydrogen and one would have a 
wholly e lec t ro ly t ic  process, 

1 

i Materials of construction of the electrolysis  plant f o r  methanol 
would be similar t o  those for  hydrogen-oxygen production since both 
involve an alkal ine electrolyte and i n  each oase the m o s t  corrosive 
conditions would be expected at the wjgen evolving anodes. On the 
other hand a s t r ipper  would be needed t o  remove methanol from the 
electrolyte  and catalysts  would be needed for the  methanol electrodes. 
Some tentat ive figures f o r  methanol production by t h i s  hypothetical 
process a re  included i n  Table 1. The assumption has been made t h a t  
the plant would involve a 5% increase i n  capi ta l  cost over t h a t  for 
electrolysis  of mater. 

(d) Fischer-Tropsch Manufacture of Gasoline 

Although gasoline would be the main product, other l iquid 
fractions a r e  obtained i n  the Fischer-Tropsch reaction. 
reflected i n  Table 1. 
described by Covaarts and Schutte f 5 )  and t h e i r  data have been used 
i n  preparing the relevant figures i n  Table 1. 

These are 
Economics o the overall  process have been 
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I11 Discussion of Results 

Summarising the above resul ts ,  one can s t a t e  t h a t  l iquid synthetic 
automotive fuels  f o r  present type engine can be made from C%/H20/ener 
a t  capi ta l  investments of roughly 650 'g" $ f o r  a plant to produce 3.10 
T/a Fischer-Tropsch gasoline (or 5.3 10 
efficiency of 341%. 
would be about 160 ,$/ton (= 45 f/OS gallon "-450 b/MM BTU). 
it amounts t o  90 $/ton (= 30 b/US gallon5450 b/MM BTU). 

F 
T/a Methanol) at a thermal 

The manufacturing costs f o r  Fischer-Tropsch gasoline 
For methanol 

Table 2 compares these resu l t s  wi th :  

(a)  the present s i tuat ion i n  which gasoline i s  made w i t h  other products 
i n  a modern o i l  refinery,  

a s i tuat ion i n  t h e  future, i n  which it  is  assumed that crude o i l  
supply would be insuff ic ient  t o  meet the energy requirements, 
with consequential use of coal/ tar sands/shale t o  f i l l  the gap 
by converting these primary energy sources in to  synthetic methane, 
and crude o i l s  (gasoline etc.) . 

(b)  

The comparison made i n  Table 2 of course i s  only a rough one, but the 
data seem t o  be c lear  enough t o  make the conclusion that f o s s i l  primary fue ls  
w i l l  be used preferent ia l ly  f o r  t h e  manufacture of automotive fue ls  f o r  
existing engines and t h a t  the  C02/H20/energy route has l i t t l e  chance t o  
be competitive for a long time t o  cane. 

The above comparison i s  made on the  basis of our present engines 
requiring specific fuels.  
of manufacturing these f u e l s  from a var ie ty of "primary energy sourced1. 

The cost and efficiency aspects were discussed 

As indicated i n  Table 1, t h e  energy-efficiency of the manufacture of 
methanol and FT gasoline is only 
engines with an efficiency around 15%; consequently, from the energy 
produced by the nuclear plant only about 5% i s  actually "used i n  traffic". 

In Table 4 a comparison i s  made w i t h  the following routes, featuring 

34% and these fue ls  are  used i n  the 

" fu tur i s t ic  engines". 

Energy Engine 
A. Nuclear energy- methanol fue l  cell /battery/electric motor 

B. Nuclear e l e c t r i c a l  energy- battery/electric motor 
storage i n  ba t te r ies  

For the purpose of discussion it i s  assumed that ba t te r ies  of 100 W/lb 
w i l l  be available a t  a cost  of $20/kWh stored. 

bat tery or  heat losses  from a high temperature battery (e.g. sodium-sulphur). 

Efficiency charge t o  discharge 
I of 50% i s  assumed. T h i s  allows for electrode polarisation i n  a zinc-air 

In Europe it i s  found that gasoline service s ta t ions s e l l  much more 
f u l l  a t  weekends i n  the four  summer months than the mean throughput of the 
station. 
f igure of S E 6  overall  u t i l i s a t i o n  of f a c i l i t i e s  w i l l  be assumed. I f  bat ter ies  
am exchanged at  service s t a t i o n s ,  a day's s tore  of energy will be needed t o  
meet w i t h  f luctuating demands. 
$200/kW and a charger cost  of $200/kW w i l l  also be assumed. Bearing i n  mind 
the need for elaborate controls t o  ensure safety together with automatic 
handling o f  the ba t te r ies ,  t h i s  does  not seem excessive. 
t o  note that  a service s ta t ion  w i t h  the relat ively modest throughput of a 
million US gallons a year (equivdent t o  a mean output of 60OW &lowing f o r  

In order not t o  overstress the disadvantages of ba t te r ies  the 

Distribution of e l e c t r i c i t y  costs  about 

It i s  interest ing 
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I$ efficiency of the gasoline engine) vodld reqnire a peak output of 
abont 2.m. 
3 W  hours in batteries weighing a total of sane 1% tons, 
to batteries are -sed in “able 3. 

The energy stored i n  the station vodld be of the order of _ _  Data 

It v i l l  be noted fran “able 1 that the electrdlytic plant for hydrugen 
generation is a significant cost iten. 
synthesis costs of gasoline is d y  l i t t l e  higher than methanal m an 
energy basis. 

Perhaps surprisingly t h e  hta l  

More revealing is the Ccynparison of efficiency of energy cwersion and 
capital cost per ItU of nean throughput given in TaUe 4. As m i g h t  be exped.4, 
the battery system has the highest overall efficiency bnt this factor is over- 
shadoued by very high capitail reqmmments. 

.paver plant at an assumed $oo/lar is added, the system l& most unattractive. 

Despite the reasonable conversion efficiency of electrical energy to 

men d e n  the cost of nndlear 

gasoline, the lw efficiency of the gasdine engine gives rise to extremely 
high overall capital reqmreaents. 

ed fran the fact that a FischelcTropsch conversion plant costs ab& r -  loo0 ky available fnrn a gasoline engine. This figore is so high that it 
makes the process unattractive. The best hope far synthetic fuels appears 
t o  l i e  i n  the use of methanal in a fuel cell(assmned efficiency uith electric 
motor m). 
be developed as an effective route to methanal syhthesis this u i l l  clearly 
be more attractive than the existing chemical rante. 

Sane perspective m these figures can be 

If electrolytic reductim of potassium carbonate sdutions can 

One may conclude then t h a t  fossil fuels w i l l  be used for transport and 
other foras of “portable energf‘ for as long as they are econaically 
available. 
still remain the most attractive source of fuels far vehicles and other 
portable use. 
the l i f e  of fuel reserves. 
source of energy liquid fuels v i l l  still be available, albeit at higher 
prices than n(N. 

If the nethanol fnel cell  is developed then fossil fnels v i l l  

The high efficiency of the fnel cell  uill tend t o  prolung 
Ultimately when nuclear parer is  the major 

m 
c m  BREAgWyB OB BAmERY STORGE spsm 

Distribution system $2oo/ky 

Rectifier and charger system Pww 
Batteries $o/tar 
Utilisation of distribution and charger 5a 

Efficiency charge t o  discharge 508 

Batteries equivalent t o  1 days peak output. Ils w/tlrb Pe80 

C a p i t a l .  inVestment/kU distgbution and charging $8OO/W 
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4. ~ r o o a c b o n  Prooembg, September 1970, 277. 
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APPENDIX A. 

DETAILS COST DATA TABLE 1 

! 1. Capital employed = Total erected plant ready f o r  start-up, including a l l  
f a c i l i t i e s  and land and in t e re s t  during construction 
and working cap i t a l  (basis  USA 1970). 

\! 

2. Energy consumed = All energy consumed i n  processes (minus minor quantity 
of energy produced by combustion of energy produced as 
by-products from synthesis routes).  Electr ical  energy 
4 fils/!Mh; heat 2 Mils/kWh. 

3. A l l  costs which f o r  costimating can be related with cap i t a l  ( i n  $ of t o t d l  
cap i t a l  investment, average Over 15 years l i fe t ime)  : t o t a l  20%. T h i s  can 
be split-up a s  follows: depreciation 6.s; re turn on investment (av.) 6.3%; 
a l l  costs related with maintenance ( supply, labour, supervision, overheads) 
averaged over 15 years = 4; plant overhead (off ice  supplies, S / D ,  accounting, 
legal,  etc.) and property taxes and insurance = 3%. 

\ 

I 
I 4. All other costs = Remaining fixed and variable costs such as Operating 

labour and supervision, chemicals and catdljrsts, 
u t i l i t i e s  (excluding energy) , royal t ies  etc.  

a )  

C) 

A 

C a C 0 3  dissociation; 24,200 T3d C% - t o  take in to  account evaporation of water from CaCOg feedstock and heat 
efficiency of k i ln) .  
Capital  50% higher than U.K. lime ki lns  with coal f i r ing.  
handling and return a t  U.K. costs. 

Methanol synthesis; 16,000 T/d methanol 

Capi ta l  i n  $/annual ton methanol 
- ref.  4,  complete t r a in ,  incl .  synthesis gas generation, 

- same, excluding synthesis gas plant 
- as reported i n  Table 1 

Enerm: 
200 MWe f o r  syngas compressors; 100 Ne f o r  r e s t  of plant, 300 MW heat. 

Fischer-Tropsch synthesis; 9,000 T/d gasoline 

Capital  i n  $/annual ton product 
1. 

2.  Same, but excluding coal handling, gasification, gas purification, 

3.  

consumed i s  twice dissociation energy of reaction CaC03 CaO + C02 

Assumption: heat available from nuclear plant at 9OOOC. 
Operating, stone 

scale 800 short ton/d : 62 $/annual ton 
: L 3  $/annual ton 
: 48 $/annual ton 

A s  reported ref.  5 (including syngas plant)  , South Africa 1970: 
200 $/annual ton. 

par t  of steamparer generation: 100 $/annual ton. 
Assumption tha t  main product ttg,lsolinett and by-products require 
same capital/annual ton product: t h i s  gives cap, requirement 
gasoline plant i n  Table 1: 100 $/annual ton. 

b e r m  consumed 
1 .  

2. 

A s  reported ref. 5: 200 MWe + 4000 Mw heat f o r  2,5106 T/a plant. 
Assumed f o r  our 3.106 T/a plant (excluding the  high energy 
consumption of the syngas pa r t )  : 200 MJe + 800 MW heat. 
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Introduction 

A M a c r o  S y s t e m  f o r  t h e  P r o d u c t i o n  of 
S t o  r a b 1  e ,  T r a n s p o r t a b l e  E n e  r g y 

f r o m  t h e  S u n  a n d  t h e  S e a  

William J. D. Escher 

Escher Technology Associates 
St. Johns, Michigan 

The purpose of this paper is to present a candidate technical concept for solar energy 
utilization in large scale. 
does offer a singular departure from previous concepts on the overall systems engineer- 
ing level. 
seas ,  as opposed to basing it on land. 

' 
1 This concept, though offering nothing new in technical detail, 

1 This is the idea of locating the solar energy conversion system on the open 

The important technical benefits of sea-basing a solar energy conversion system a r e  these 
1) Proximity to an excellent thermal sink and source of working mass  (viz. the ocean, par\ 
ticularly the depths), 2)Mobility of rotation and translation, 3 )  Space availability for large 
solar collector areas, and 4)  Logistical ease in initial construction, servicing, and in the 1 
distribution of products from the macro system on a world-wide basis. i 
Proceeding from the fourth point, the energy form to be produced is required to  be both 
storable and transportable over significant duration and distance by way of delivering this 
energy to the ultimate consumer. It is proposed that solar energy be used to convert wate 
(purified sea water) into cryogenic liquid hydrogen and oxygen. 
energy of the sun can be readily shipped to points-of-use on a worldwide basis via ''cryo- 
tankers". 
ported by rail ,  over-the-road t ra i le rs ,  or by pipelines. Alternatively, the hydrogen and 
oxygen can be gasified and piped in the manner of natural gas. The energy form can be 
finally consumed in the process of heat-release or it can be converted into an electrical 
form by fuel cells or their shaftpower-producing equivalents. 

Also, though not really assessed in the paper, a number of collateral products in addition 
to  the cryogenicenergyform may be readily produced from a sea-based solar energy con- 
verter. Possibilities a r e  these: seafood products, mineral and chemical products, and , 
certain finished and semi- finished goods. If these prove economically feasible, such co- 
production might very significantly reduce the cost of energy by spreading the capital in- 
vestment and operating cost over a wider range of salable products. This surmise is ,  
however, taken to be outside the scope of the present paper. Much more study will be 
required to quantify the potential of such collateral output; a multidisciplinary effort is 
clearly needed here. 

Finally, the candidate scheme, as is characteristic of solar energy utilization systems 
in general, offers one extremely important advantage to our environmentally-conscious 
world: No fossil-fuel is  combusted and 
no radiation conditions a r e  produced nor a re  long half-life radioactive wastes created. 

In this form the stored 

Once unloaded at port, the cryogenic liquids can be stored and eventually trans- i 
I 
/ 

1 

1 

i 

1 

I 
4 , 

Its operation will not degrade the environment. 

i 

.1 
This unique environmental aspect of the solar energy conversion approach, together with 
i ts  intrinsic non-dependence on resources in increasingly short supply, may in fact be a 
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decisive factor in favor of its eventual development. 
) what the economic ramifications of these characteristic benefits will be, hence these can 

not be assessed i n  the paper. 

Unfortunately, it is not yet apparent 

1 In summary. the  paper introduces and discusses a new energy system concept based on 
t h e  synthesis of known subsystem approaches to create a "macro system" (large scale 

This macro system employs solar energy to convert water to the 
energy form: cryogenic hydrogen and oxygen. 

, system-of-systems). 
This is deemed a feasible storable and 

transportable commodity for a wide variety of end-consumption means. 
system will not produce environmental degradation in its operation, nor a t  t h e  point of 
consumption. Water is the sole "exhaust" product in reconversion as heat or electrical 
energy (thermal rejection will occur, however, dependent on the conversion efficiency). 
The approach offers distinct possibilities of cost-beneficial coproduction of other salable 
products. although this aspect is not further developed in the paper. 

The macro 

Description of the Technical Concept 

A general overview of the problems addressed, t h e  general technical approach to be taken, 
and the technologies which might c2ntribute to feasibility, for the subject macro system 
approach has been published (1, 2)' and will not be repeated here. Rather, t h i s  paper con- 
centrates on a specific formulation of the technical approach, sizing calculations, and a 
rough cost estimate applicable to the macro system. 
analysis of the solar energy input to be received is  included, including cloud-cover con- 
siderations. 

Production of cryogenic hydrogen and oxygen from sea water using solar energy takes 
place by integrating five of the six systems (blocks) in the manner shown in Figure 1. 
The sixth system, "Marine Farming System", is representative of a potential collateral 
production unit (seafood), which uses ocean resources and solar energy (via photosynthesis). 
Also, the "sea water concentrates" output of the Water Purifier System (top) is  suggestive 
of chemical and mineral production. Figure 2 is a pictorial schematic of the macro system 
reflecting an overall geometric relationship of the constituent systems. 
a r e  located both on the surface and in the ocean depth for reasons to be discussed. 

Necessary to this scope, a brief 

Note that items 

The macro system is sized on the basis of an equivalent production of 1000 Mw of cryogenic 
energy form continuously. 
drogen a t  61,030 Btu/lb. 
and 5360 tons of liquid oxygen (609 and 4890 metric tons, respectively). 

The energy-content reference is the higher heating value of hy- 
This equates to a daily production of 670 tons of liquid hydrogen 

Macro system operation is conducted in basically two modes: 1) During periods of solar 
energy collection for 8 hours of day (.when there is no cloud cover), and 2) Around-the- 
clock during which product liquefaction takes place. 
continuous liquefaction process lies in the problem of the characteristic extended start-up 
and shut-down time involved with industrial liquefier train operation. 
should be more closely examined) assumes a supply of "service power" which is  provided 
by reconversion of some of the hydrogen and oxygen electrolyzed from water to create an 
electrical supply a t  all times. The remainder of the macro system is operated only during 
periods of sunlight. 
System, and the Electrolytic Cells System a s  "off-on"capable units. It i s  noted that the 
specific characterization of Figures 1 and 2 represent a "first look" with regard to macro 
svstem formulation. It is by no means optimized; a number of improvements a r e  forseen. 
* Numbers enclosed in parentheses denote references listed at the end of the paper. 

The consideration governing the 

This need (and it 

This entails the Solar /Electric Conversion System, the Water Purifier 



Cryogenic Hydrogen and Oxyg en 

Central to the theme of the macro system is cryogenic hydrogen and oxygen, the "energy 
form" to be produced. Hydrogen, in combusting with oxygen in the air or with pure oxy- 
gen (the approach emphasized), provides greater heat-release per unit m a s s  than any 
other chemical fuel. 
energy content of natural gas (principally methane), and less than one-fourth of that con- 
tained in the conventional liquid hydrocarbon fuels, gasoline, kerosene, and fuel oil. 
characteristic problem of hydrogen's very low density is evident here. 

1 On a volumetric basis, however, hydrogen has about one-third the 

The 
I 

Technology deriving from the aerospace sector over the past several decades, and partic- 
I ularly that from the Apollo effort, has made consideration of the cryogenic form of bydro- 

gen (liquid oxygen development and mass-use came much earlier)  eminently practicable 
for large-scale system applications. Liquid hydrogen, despite its extreme physical char- 
acteristics (viz. 0.07 specific gravity, 21°K boiling point) has been demonstrated to be 
a tractable, desirable chemical fuel and working fluid (See Scott's volume on liquid hydro- 
gen technology (3) for cases in point). 

The potential of hydrogen as a fuel has been frequently discussed. Apollo represents a 
pinnacle of experience in actual usage in ground-testing of engines and stages, as well 
as in the actual mission flights. A recent review with emphasis on the cryogenic form 
is that of Jones in Science (4). The clean combustion characteristics of hydrogen (water 
only with oxygen, whereas a nitrogen oxide problem remains with combustion in  air) has 
caused increased attention to be given this fuel in recent times. A number of prime move 
types have been operated on hydrogen-air and hydrogen-oxygen. Still others have been 
proposed (viz. 5) for a number of technical advantages gained over hydrocarbon fuels. Fuel 
cells operating on hydrogenaxygen a r e  well developed as demonstrated in the Gemini and 
Apollo programs. 

A second, longer-term incentive for considering hydrogen as an "emerging" energy form 
is reflected in a study recently undertaken by the Institute of Gas Technology for the Amer 
ican Gas Association. This is the consideration of hydrogen as a distant-term replace- 
ment for natural, and synthetic %atural" gas (via coal gasification, for example). The ! 
consideration here is that of natural resource exhaustion of fossil-fuel reserves, and a 
conversion to a nuclear-electric energy base. A basic approach here is the use of nuclear 
power to extract hydrogen (and oxygen) from water; hydrogen is very significantly cheape: 
to transmit over long distances via pipelines than electrical power, particularly so if the 
electrical conduits must be placed underground. 
announced (6). no published results a r e  yet available. 
provides a worthwhile overview. 

The-"arrival" of cryogenic hydrogen and oxygen as a viable energy form capable of long- 
t e rm storage and long-distance transportation - - characteristics crzcial to the concept 
of the paper -- is indicated in the equipment shown in Figures 3 - 5.- Figures 3 and 4 
show the largest liquid oxygen and hydrogen tanks in existance as located at the Kennedy 
Space Center, Florida. These vacuum-jacketed spherical tanks approach one million 
gallons in capacity. 
ground) barges used to transport the cryogenics from their point of production t o  the test 
facility of NASA near Gainesville, Mississippi. 
and ~ ~ ~ , ~ o O  gallons, respectively. 

Since this study effort was only recently 
Gregory's review of this area (7) 

Figure 5 shows liquid hydrogen (foreground) and liquid oxygen (back- 

The liquid capacities a r e  over 300,000 
Hydrogen and oxygen are also shipped routinely acrosr 

country i n  rail tankers and over-the-road trailers.  Although hydrogen and oxygen "CTYO- 

Photographs courtesy of Chicago Bridge 81 Iron Company, the equipment suppliers 
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tankers". a s  envisioned to  supply the macro system's product to the -inland, do not 
presently exist, the commercial success of LNG (a "mild cryogenic" a t  -258OF) tankers 
presages success. A dozen LNG tankers are currently in service, and by 1980 there 
a r e  projected to  be one-hundred (8 ) .  Actually, hydrogen cryogenic vessels have been 
considered in some engineering detail in Air Products & Chemicals 'comprehensive 
study of liquid hydrogen production for global hypersonic aircraft  fueling (9). 

Solar Energy Available in a Practical Large-scale Array 

The rate  of energy radiated by the sun is 3 . 8 0 5 ~ 1 0 ~ ~  watts which corresponds to a con- 
t inuous loss of solar mass of 4 . 2 3 4 ~ 1 0 ~ ~  g/sec,  or  4.67 million tons per second via nuc- 
lear fusion conversion. Of this amount of radiant energy, the Earth-atmosphere system 
receives each year 5 . 4 4 5 ~ 1 0 ~ ~  joules ( 1 . 3 0 1 ~ 1 0 ~ ~  cal). 
density a s  expressed by the Solar Constant of 135.3 w/m2 (1.353 kw/m2). (The Solar 
Constant is  the amount of total radiant energy received from the sun per unit time per 
unit area exposed normal to the sun's rays at the mean Earth-sun distance in the absence 
of the Earth's atmosphere.) (The data given in this paragraph were taken from (10). ) 

In principle, a solar collector located in near-Earth space and oriented continuously 
toward the sun would receive energy perpetually at the Solar Constant rate. 
condition has, in fact, been proposed by Glaser in several papers (e. g. 11) as one which 
we should seriously consider exploiting. 

This corresponds to an energy 

This "ideal" 

Unfortunately, but invariably, Earth-bound collectors will receive considerably less 
energy than such a space-borne system. Of that potentially available, large-scale col- 
lectors a t  sea level may receive 6 to  10 percent of the maximum value. 
of the following essentially uncontrollable factors: 1) Rotation of the Earth occluding the 
sun for much of the time, 2) Seasonal variations in the mean sun-angle for a fixed lati- 
tude, 3) Clear-day atmospheric attenuation, and 4)  Cloud-cover and adverse weather con- 
ditions (fog, humidity, etc. ). Further, though perhaps easy enough for a space-borne 
collector, it is usually not practical to orient large Earth a r rays  normal to the sun as  
it moves across the sky. Instead, the a r ray  is layed out in the horizontal datum plane 
of the Earth's surface. 
available proportional to the cosine of the total sun-angle. 

A typical observed solar radiation pattern over a (clear) day's observation period is 
presented in Figure 6 (the upper right hand note calls out this curve), as adapted from 
Daniels (12). 
ported a s  678 Langleys*. Returning for the moment to the case of an ideal collector 
located in Earth-space, a maximum of 1.937 Langleys/min times the number of minutes 
in.a 24-hour period would be received. The ob- 
servational data of Figure 6 accordingly represents about24 percent of that potentially 
available. As will now be shown, a practical large-scale collector will not achieve this 
effectiveness. 

This is because 

This results in a loss in incident radiation over that potentially 

The integrated radiation intensity (Langleys*/min) for that day was re -  

This is approximately 2790 Langleys. 

Returning to Figure 6, the dashed curve has been estimated as a "maximum solar radi-  
ation characteristic" for an Earth collector. At noon the peak intensity of this estimated 
reference curve is about 1.4 Langleys/min, or 72 percent of the potential 1.937 (Solar 
Constant). Over a 24 hour period, however, only the order of 25 percent can be realized. 
Also, the sunrise/sunset "tai1s"of the baseline data curve were clipped to accord to the 
"sudden" nature of the sun's appearance and disappearance in the tropics. 
* See Figure 6 for a definition of the Langley unit and i ts  equivalent in kw/m2 
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Unless the collector's constituent a r eas  a r e  rotated normal to the sun's rays at a l l  
times during the collection-day (and do not shield one another from the sun) this 25 
percent effectiveness cannot be achieved in practice. 
factor mentioned previously as denoted in the third curve of Figure 6,  that of least  
area. 
near the equator (for it is the quasi-equatorial region which appears most desirable 
for locating the macro system), 
angle scale established below it. The quite-evident narrowing of the daily intensity 
characteristic due to applying the cosine loss factor (array non-normal to the sun, 
except nearly s o  around noon) significantly reduces the a rea  under the curve, the inte- 
grated solar energy quantity received. 

This results in the cosine loss 

Also the length of the nominal day has been reduced to  the 12 hours experienced 

This time-scale forms the basis of the nominal sun- 

One more penalty is observed a s  the deletion of the shaded areas  on each side of the 
curve. This corresponds to non-operation of the solar collector a t  sun-angles greater 
than 60 degrees (as can be noted on the lower scale). This somewhat arbitrary cut-off - 
is for practical design considerations a s  will become evident when the collector geometry 
envisioned for the macro system is introduced in  a later section. 

The last two reductions in effectiveness (non-normal collector and cut-off beyond 60 de- 
grees) account for a reduction of the 25 percent effectiveness to approximately 18 per- 
cent. Over 8. 0 hours the net resul t  is that the net energy collected is 5.86 kwh/rn2 for 
a horizontal, quasi-equatorial, concentrator type solar collector. 
skies) input of 0.732 kw/m2 for 8.00 hours was entered into the macro system sizing 
calculations. 

I 
The mean daily (clear ' 

J 

I This will be reduced by the "clear skies" factor next to be developed. 

Cloud .Cover Considerations 1 

Since the solar energy collector type selected is of the concentrator (i. e. focused) con- 
figuration (the arguments for this a r e  cost and available technology), operation can take 
place only in direct sunlight. 
with restraints applied to the macro system, e. g. sea-basing. It is for this reason that 
desert locations a r e  typically suggested in solar energy conversion proposals. For ex- 
ample, Meinel cites 330 clear days per year for Yuma, Arizona (13) in connection with 
his recent proposals. 

I Therefore cloud cover must be minimal commensurate 

) 

As it turns out, an ocean-borne solar converter such as the subject macro system will 
not fare nearly this well as becomes evident in examining a marine climatic atlas (14). 
Such an  atlas can be used to develop a "clear skies factor" to be applied to the solar ener- 
gy characteristics developed in the preceding discussion. 
shoiKn in Figure 7, where the selection of a favorable locale is indicated for the macro , 
system in the mid-Pacific a s  determined by cloud-cover minimization tactics. The hatched' 
area was found to be contained by the maximum monthly clear skies isopleth over the year I 

as read from the "total cloud cover" charts of (14). (An exception was the month of June, 
for which the 60 percent isopleth was displaced to the east, as can be noted on the figure. ' 

Representative results a r e  

The indicated area was then selected as the model for quantifying the clear skies factor 
whose value was estimated a s  0.497, or approximately 50 percent. Geographically, this 
region is centered a t  8OS, 138OW and i s  about 250 km northeast of the Marquesas Islands. 
A depth of over 14,000 ft is  noted with a mean surface water temperature of about 820F- 
The clear skies factor of 0.497 was entered into the sizing calculations. 



33 

Macro System Sizing Calculations 

The energy and mass-flow characteristics of the macro system were determined on 
the basis of the foregoing findings (solar energy characteristic, clear skies  factor) and 
the physical characteristics of the constituent systems. This required an estimate of 
individual system efficiencies, process variables, and associated physical and chemical 
data for the process fluids and their transformations. These assumptions derived from 

', information made available to the writer in communication with a number of workers in 

i , 

the various fields involved, as well as  that from the open literature. 
end-analysis the values listed represent only opinion -- hopefully, a reasonably informed 
one. Two estimates a r e  made, a '!current" and a "projected" technology basis. 

However, in the 

The scope of the paper does not allow for the details of these assumptions or the calcula- 
tions to be included here, unfortunately. 
These provide a basis for physically characterizing the macro system, which in turn will 
provide a baseline for a rough cost assessment. 

However Table 1 provides a summary of results. 

Conceptualizing the Macro System 

Physically, as  would be expected for any solar energy converter, the overall macro 
system layout is dominated by considerations of collector area. 
lector area for 1000 Mw continuous equivalent liquid hydrogen and oxygen production 
is 47.3 km2 (6.88 km square) and 26.9 km2 (5.19 km square) for the "current" and llpro- 
jected" bases, respectively (Table 1). The latter is  57 percent of the former. However, 
the larger "current" technology version will be used a s  the baseline for conceptualization 
and costing in the paper in order to bias the results toward a more conservative estimate. 

Rounding the 6.88 km on the sides to an even 7.0 km, an obvious geometric arrangement 
of 49 square modules, each 1.0 km on the side is arrived at. If the central one of these 
is removed to  provide for a "central operations" zone for the macro system, a s  shown in 
Figure 8, the total active a rea  is 48 km2, slightly more than the indicated 47.3 km2 re-  
quirement. 

The required active col- 

Figure 8 reflects a spacing-out of the modules bya separationof 414m,enlarging the over- 
all area required by a factor of 2. 
freedom for the individual square modules. Somcwhat closer spacing is possible for other 
than square modules, the limit being reached with circular shaped units whereupon the 
expansion experienced (Figure 8) can be reduced by about 64 percent. The need for rota- 
tional freedom is associated with the characteristic of the solar collector geometry as- 
sumed, viz. a two-dimensional reflector. 

An individual 1 -km square module (designated L-3, for a thirdlevel  of modular build-up) 
is conceptualized in Figure 10. 
lector modules, referred to a s  L-1 units, the basic building block of the macro system 
solar array. 
and is designated L-2. 
and 960 L-1s (Figures 8-11). 

A five-flotation-point suspension is shown supporting the frame of the basic L-3 1 km2 
module. 
much larger spans achieved by bridge builders, seems reasonable. 

The reason for this is to  provide complete rotational 

This unit is equipped with twenty 100x500 m solar col- 

Each symmetrical corner of the L-3 module consists of 5 solar collectors 
The overall macro system is thus composed of 48 L-3s. 192 L-2s 

This places the support points a maximum of 600 m apart  which, in view of the 
With lightweight 
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structural  elements and the use of tension rigging, a minimal-mass structure should 
be achievable. Any concentrated loads such as machinery, tanks and personnel accomo-' 

The solar collector surface is elevated considerably above the ocean surface to minimizq 
adversities of the ocean-atmosphere interface, such a s  salt-spray. 

dations can be separately floated below the a r ray  or located within the flotation units. r' 

-. 
On the other hand, the center of m a s s  and wetted volume of the flotation units (spar 
configuration) i s  sufficiently deep to be virtually uninfluenced by surface and near-surfact 
wave action. A number of spar-buoy type vessels such a s  FLIP (15) and MOSES (16), 
have demonstrated the intrinsic stability afforded by this configuration. Each flotation 
unit, towed into its assembly point i n  a horizontal attitude, and erected by ballast con- 
trol, is equipped with i ts  own propulsion system. 
powered thrustors will be used to position and stabilize the flotation units, and also to 
provide azimuthal rotation of the L-3 modules a s  well as translatory capability (e. g. to 
counter currents). 

An overall "macro-servomechanism" is envisioned to  maintain the geometric integrity 
of the entire macro system without "hard" structural connections. This includes the 
rotation for sun-tracking (Figure 9 ) ,  translation of the total array with respect to the 
ocean body, and maintaining proper inter -modular spacing. 

The essential features of the 50,000 m2 solar collector module (L-1). which is a two- 
dimensional "trough1' paraboloid-of-translation, a r e  represented in Figure 11. Instead ( 

of a point-focus, this configuration provides a line-focus of considerably lower intensity.' 
In this application, the focal boiler being of linear design, the geometry is quite corn- 
patible with the working fluid flow path a s  energy is absorbed. It can be seen that, since 
the module is free only to rotate and translate on a horizontal datum, viz. the ocean, 
it must be oriented such that the vertical plane containing the sun must a lso  contain the 
focal line. 
(An exception to this would occur for an equatorial site on the equinoxes). Figure 11 
reflects the need for overhanging the focal boiler for full-mirror utilization up to the 
cut-off angle of 60 degrees. 
angle is apparent in that the amount of overhang becomes quickly impGactica1, andlor 
only partial utilization of the mir ror  can be made. 

The focal boiler is viewed a s  basically a linear receiver of focused solar radiation 
for transferring this energy to the working fluid (provisionally, water). A transparent 
casing surrounding the metallic or refractory receiverlworking-fluid passage may be 
applicable, in  which case a vacuum or  inert gas atmosphere can surround the receiver 
element. 
and to protect the high temperature element from oxidation. 

I 

i , 
1 

Electrical or  hydrogen-oxygen (5) 

i 
I 

1 
Hence, continuous rotation of the module to "trackla the sun is required. 

The problem of tracking the sun effectively beyond this 1 
Hence, the "cut-off ruling". 

/ 

An objective i s  to  minimize thermal losses due to  reradiation and convection, 

If water is used as the Rankine cycle working fluid, then conventional steam turbine 
and associated equipment can be employed. 
steam temperature well over the conventional utility-plant levels of 1000-1 100 O F ,  

however. This will be set by the focal boiler and turbine temperature capability, with 
an actively-cooled turbine a distinct possibility at temperatures above 150O0F or there- 
about. The incentive is,of course, increased system efficiency which permits a reductio1 
in hardware size, and hence, costs -- assuming that this is  not countered by the more ex- 
pensive "advanced technology" equipment. 
use of cold depth water for condenser cooling (4I0F vs. 82 O F  for the surface water) is 
very likely, since the gain far outweighs the cost of pumping the water up (favorable im- 
plications for marine farming). 

There will be an incentive to raise the 

In the interest of maximizing efficiency, the 
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' Since dc power is required for the water electrolyzers (located in  the depths to  achieve 
high pressure gases and cell advantages, without the need for thick wall, expensive 
structures), generation of dc power by the turbine-generator is highly attractive. The 
alternative (conventionally done) of rectification of ac  power is costly in terms of equip- ! ment and some loss of power. Fortunately, the acyclic (homopolar, unipolar) dc  gen- 

' erator has this potential in the size range of interest (17). 

With regard to the electrolyzers, it would appear that both unipolar (tank type) and bipolar 
(filter -press configuration) configurations should be examined for applicability; each has 

'1 characteristic advantages and disadvantages. Applicable references are (18, 19) .  Depth 
storage of the hydrogen and oxygen a t  ambient generation pressure offers economic ad- 

' vantages as discussed for natural gas storage in (20). 

The high-pressure (nominally 1500 psi) accumulator is essentially to smooth the flow 
of gas to the liquefiers and service power unit, and would be minimized for this funct- 
ion, since expensive heavy-walled containers will be required. The liquefaction plants 
would be of conventional design very likely, but would be so  engineered to gain any syn- 
ergistic benefits from the co-production of hydrogen and oxygen. Cryogenic storage at 
the surface of the type described in (20) would be located near the docking facility for 
convenient loading into the cryotankers (Ref. 8). 

\ 

Macro System Cost Estimate 

The macro system was broken down into 17 items of capital cost as  listed in Table 2. 
Based on the anticipated distribution of these components within the macro system (i. e. 
whether associated with the 1 km modules, or with "central operations"), the number 
of items and the size were determined and listed. Cost factors, based on communica- 
tions with specialists a s  well a s  open literature assessment were developed. 
ally these were merely intuitive estimates. 
a total capital cost estimate was arrived at. 
lation and testing services. The resulting rough estimate for the macro system was 
approximately $ 1.5 billion. (See Table 2 ) .  

Occasion- 
Using the "current" technology baseline, 
To this was added ten percent for instal- 

At this level of cost associated with 1000 Mw continuous production of energy, it is of 
interest t o  compare the macro system with both present and alternative projected 
sources of energy. 
expressly matched the macro system's input/output: 1)Conventional electric energy 
generation systems, 2 )  Conventional hydrogen and oxygen production plants, and 3) 
Alternative solar energy utilization schemes whichare of the same general scale a s  
the subject one (11, 21, 22). 

Summarizing the results of these three comparisons, the cost of energy produced by 
the macro system is indicated to  be significantly higher than those conventional sources 
of electrical power and cryogenics, a factor of 4 to  5 being observed. On the other hand, 
the macro system's energy cost fell into the range estimated for representative solar 
energy alternative approaches, being at  the lower or higher end, dependent on whether 
the end product desired was cryogenic or electrical. 

It should be noted that considerable reductions in the macro system's energy costs would 

These three bases of comparison were examined, although none 
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seem possible, however, through these principal avenues: 1) Optimized system design, 
2 )  Technology advancements, and 3)  Collateral production of salable products to spread 
costs over a broader revenue base. 
be complementary, that is, gains will compound one another. 
judgement in assessing these potentials, a gross reduction of the cited factor of 4 to 5 
is achievable i f  a number of the potential gains identified qualitatively could be brought 
to fruition. 
of energy, and considerably better than the alternative solar energy proposals. 
ever, the depth of the investigation to  date i s  not sufficient t o  make this other than a 
surmise. 

i Further improvements in each of these a reas  will 
Based on the writer's 

If so, the macro system would be quite competitive with conventional sources I 

i How- 

1 
Concluding Remarks 

This paper has introduced and discussed yet another approach for harnessing solar 
energy directly (Ref. 11, 21, 22). Its novel approach of open-seas basing may offer 
substantial advantages over land-basing as  in previous proposals. Sea-basing also 
embraces problems peculiar to the nautical environment, with a significantly lower 
clear skies factor than can be had in a desert location. Other concerns with forseen 
difficulties in locating a large solar a r ray  on the ocean may be countered through judi- 
cious marine engineering approaches, particularly that of oceanographic stable plat- 
forms (14,15). It does appear that the concept of locating a stabilized, reasonably long 
lived solar collector and attendant component systems of the subject macro system on 
the open sea is supportable. 

i But in at least an emotional way, the single most distracting characteristic of a solar 
utilization scheme of the magnitude presented i s  the enormous proportions of the solar 
collector. This i s  a reflection of the innate nature of the solar energy intensity at the 
Earth and it cannot be altered. At best, we can move the a r ray  into near-Earth space 
as  proposed by Glaser (11) to maximize exposure duration and to eliminate atmospheric 

1 
I 

attenuation. / 

The approach taken here in view of the intrinsic collector area problem is straightfor- 
ward: 1) Select thelargest practical solar collector deemed "reasonable", and 2 )  Incor- 
porate sufficient numbers of these as modules to make up the overall requirement. The 
objective of minimizing the cost of the collector goes without saying. 

If the technical feasibility of the subject concept is accepted, the singular issue i s  that 
of energy cost. Although "fuel" cost and the required investment in property a r e  zero, 
the overall capital cost appear very high by todaylsutility and chemical industry stand- 
ards. As a result, energy cost is very high based on the rough assessment performed. 
But as  noted above, there a r e  avenues for cost reductions which a r e  definitely promis- 
ing. 

What will be perhaps more difficult to evaluate i s  the dollar-worth of the macro system's 
"benevolent environmental interaction" characteristic. This,with the fact that no natural 
resources potentially in short- supply a r e  consumed. These two areas of national and 
global concern must enter into the decision-making process in future energy systems. 

I 

' 

These should be evaluated quantitatively. 
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' TABLE 1 

Results of Macro System Sizing Calculations 

duction of Macro System (Daily Basis) (1000 Mw, continuous equivalent) 

Liquid Hydrogen 1 . 3 4 ~ 1 0 ~  lb 0 . 6 0 9 ~ 1 0 ~  kg 
670 Tons 609 Tons-metric 

Liquid Oxygen 1 0 . 7 2 ~ 1 0 ~  lb  4 . 8 9 ~ 1 0 ~  kg 
5360 Tons 4890 Tons -metric 

Total Cryogenics 12.06~10 6 lb 5.49 9x1 O6 kg 
6030 Tons 5499 Tons -metric 

Results of Sizing Calculations (Daily Basis) Technolopy Bases 
Current" I I  Projected" 

Hydrogen liquefaction energy 6 .03~1 O6 kwh 

Oxygen liquefaction energy 2.68~106 kwh 

Hydrogen required for service power 0.405~10 kg 

Oxygen required for service power 3.24~10 kg 

Service power level, continuous 400 Mw 

Water to be electrolyzed 9.1 Ox106 kg 

Solar still effective a rea  2.68~10 m 

Electrolysis energy input 

6 

6 

6 2  

50. Ox106 kwh 

Average power level, 4 hours duty cycle 12.5~10 3 Mw 

Peak power level, at local noon 1 6 . 6 ~ 1 0 ~  Mw 

Thermal energy to turbine 10 54x1 O6 kwh 

Incident solar energy required 137.8~10 kwh 

Solar collector a rea  required 47.3~10 m 

6 

6 2  

47.3 km2 
(6.88 k m  square) 

5 . 3 6 ~ 1 0 ~  kwh 

2.14~10 kwh 

0.298~1 O6 kg 

2 .39~1  O6 kg 

343 Mw 

8 . 1 5 ~ 1 0 ~  kg 

1 . 7 9 ~ 1 0 ~  m2 

35.8~10 kwh 

8 .95~10 Mw 

1 1 . 9 ~ 1 0 ~  Mw 

6 7 . 0 ~ 1 0 ~  kwh 

78.3~10 kwh 

2 6 . 9 ~ 1 0 ~  m2 
26.9 km2 
(5.19 km square) 

6 

6 

3 

6 
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TABLE 2 

Rough Cost Assessment of Macro System 
No. 

Requirement Units Unit Size Cost Factor 

Solar Collector 48 km2 960 

Focal Boiler 500 km 960 

Turbine & Condenser 16,600 Mw (peak) 48 

Generator, dc 16,600 Mw (peak) 48 

Electrical Conduits 990,000 Mva -mi 96 

Depth water System 7x106 Tlday H20 48 

Solar Still 2 . 7 ~ 1 0 ~  gallday - -  

Water Electrolyzer 5 6 0 ~ 1 0 ~  lblhr,  H2 43 

Gas Storage (depth) 4 0 ~ 1 0 ~  ft3 (actual vol. )*  48 

Gas Accumulator 4Ox1O3 f t 3  (actual vol. )* 1 

Service Power Unit 400 Mw 1 

Hydrogen Liquefier 670 Tlday 1 

Oxygen Liquefier 5360 Tlday 1 

Cryogenic Storage 18x106 gal" 1 

Flotation Units 5 per L-3 module 240 

Platform Structure Forms L-3 module 48 

Docking Facility "Descartes" class cryo- 1 
tanker capability 

10Ox500m $5/m2 

500 m $100/m 

345 Mw $20/kw 

345 Mw $7/kw 

-0.62 mi $2O/kw 

36,000 gpm ? 

- -  $1 .OO/ft2 

12,000 lb/hr$l50/lb/hr 

1x1 06 ft3 $l.Oo/gal 

40x103 ft3 3 

400 Mw $100/kw 

670 Tlday $ 2 5 ~ 1 0 ~  for 
250 Tlday 

5360 T/day $8/T/day 

18x106 gal $1.5/gal 

- -  @! $1x106 

1 km2 @! $ 1 ~ 1 0  6 

- -  @ $lox10 6 

Delivered hardware subtotal 

Item COS 
Million $ 

240 ' 

50 

335 

115 

20 

5 

30 

85 

50 

15 

40 

55 

45 

30 

240 

50 

10 I 

- 
1415 

I 

Integration, installation & test  services ( @! 10% ) 142 
$ 1557 
- 

Total rough cost estimate 

Summary: Macro system sized for 1000 Mw continuous equivalent production of 
the cryogenic hydrogen and oxygen energy form is estimated to cost in 
the vicinity of $ 1.5 billion. This is for the "current" technology ver- 
sion without system optimization or refinements. 
for collateral product potentialities. 

No credit i s  taken 
Dollars a r e  "today's". 

xc Total volumes for both hydrogen and oxygen; storage would be in separate containers. 
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OCEAN W A T E R  R€EOtiRCFS 'Referenced 10 depth a m b r e t  

Figure 1 - Block Diagram of Macro Syvtem 

_. . -  

Figure 2 - Pictorial Schematic of Macro System 
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Note: Langley i s  equivalent t o  1 cal g(rnean) an-' 

1.937 - - - - - -_ ----- - - - - - -_ - - - - -- - - - - - - -.A,- -- - - 
(solar constant) 1.353 karlm' 

Trend adapted from F. Daniels' 
Direct Use  of the Sun's Energy Estimated Characteristics 

day, quasi-equatorial location ___ June 15.?962 - Latitude 43ON 

\ f i k  [i. e .  collector not held 

sunrise 90 60 i o  0 i o  6.0 90 sunset  

Time of WY & Nominal Sun Angle 

Figure 6 - Solar Energy Diurnal Characteristics 
i 

! 

3 
\ 

I I I 
R clerence: U.S. Navy Marine Climatic 

Atlas o f t h e  World (Vol. VI11 f 

I l i o n  I-" l;Oo 16)- I<P tQo', . i;oo I&' 1000 - ROD 6p" 
I I 

Note: S l i d  and dotted contours indicate 60 and 10 percent 
frequency of skies  observed Lo be ZS'prcen<clouda or l e s a .  rcspertivcly 

- 

figure 7 - Cloud Cover Minimization Trends for Mid-Pacific Region 
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Macro System 
Central Operations 

\ I 

without spacing provision 
(dashed enclosure) 

9.484krn 4 ' ' 

7.0 k m  _I 

(rnin. ) 

F i g u r e  8 - R e p r e s e n t a t i v e  O v e r a l l  Layout of M a c r o  Syste-m- 

Non-skewed 
Position 

I 

I 

Module 
of 4.8) 
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L-2 Modules 500 x 500 m (consists of 5 L-1s) 
(one shown) 

1 Modules 500 x 100 rn 

r Collectors 

J 
Ocean Surfa 

Spar buoy type flotation units (5 )  

50 m 

.ce 

4, Figure 10 - Conceptual Configuration for Basic Macro System Module ( 1 of 48 ) 



In this paper w e  wi l l  review the present technology of refuelable metal/  
air bat ter ies  and discuss the future r e sea rch  required on these systems. We have 
not set out to make a c lear  cut case for  these batteries over other electrochemical 
power sources  (such a s  fuel cells  and molten sal t  batteries) but rather our aim i s  
to point out the advantages and disadvantages of the metal /a i r  system in  the hydrogen 

4 8 .  

REFUELABLE. BATTERIES 

K. F. Blurton and H. G. Oswin 

Energetics S c i e n c e . 1 ~ ~ .  , 4461 Bronx Blvd., New York, N. Y. 

In the non-fossil fuel  society, it is proposed (1) that electricity wi l l  be 
generated by nuclear power stations which wi l l  be situated in underpopulated a r e a s  
for  environmental and safety reasons. 
electricity transmission and since the demand for  power is not constant, it is 
suggested (1) that hydrogen will be produced a t  these nuclear power stations and 
transported via pipeline to the consumer where it wi l l  be used for heating, cooking 
etc. and for  the local production of electricity via fuel cells .  

Since gas  transmission is cheaper than 

In this hydrogen fueled society, electrochemical power sources  wi l l  
replace the hydrocarbon fueled equipment which is presently used for many mobile 
and portable applications. The high power applications (e. g. , automobiles, trucks) 
may be served by fuel cells .  However fuel cells  are only practical  in situations 
where 1) the total energy requirement of the system is high and the weight of hydro- 
gen is a large percentage of the total system weight and 2 )  the required power is 
sufficiently high to justify the weight of the ancil lary controls. 
able either for low power applications since the fuel cell  has a minimum weight 
which is determined by the weight of the ancil lary equipment, o r  for  portable 
applications since the hydrogen tanks  cannot be readily carr ied.  

They are not suit- 

Thus there are many medium power (112 KW - 5 KW) devices (e .g . ,  
outboard motors for  boats, lawnmowers, motor bikes, camping equipment) which 
use hydrocarbon fueled engines at present but which wi l l  require low cost, high 
energy and power density batteries in the non-fossil fuel society, 

Lead acid, nickel/cadmium, nickel/iron secondary batteries will 
probably continue to  provide rechargeable energy sources for  applications where 
their  low energy density and cost/KW a r e  relatively unimportant. 
reasonable cycle life (e. g . ,  > 200)  a l l  of these storage bat ter ies  have energy 
densit ies less  than 20 watt-hours/pound and this is a major deterrent  to their use 
in  many lightweight portable devices or  traction vehicles where cost, weight and 
operating range a r e  important. 

However for 

The limitations of the present storage batteries have stimulated research 
in high energy density systems such a s  1) secondary zinclair  cells ,  2 )  organic 
electrolyte cells and 3) molten sal ts  cells. 
bat ter ies  (i. e. ,. charged by applying a direct  current  to the electrodes while they 
a r e  contained in the battery) suffer f rom the following limitations: 

However these internally rechargeable 

1) They have limited cycle life a t  high depths of discharge, 
2 )  F o r  long cycle life (hence low depths of discharge) storage bat ter ies  have 

significantly lower energy densities than pr imary  batteries,  
- 3) Charging a t  low rates ( i . e . ,  overnight) l imits  the type and extent of use of 

the device, 
4) The charging efficiency a t  high ra tes  of charge is low. 

Thus a new battery sys tem is required for  the medium,power applications in the 
hydrogen fueled society and refuelable batteries a r e  one possibility. 
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fueled society. 
anodes which w i l l  be applicable due to  the availability of hydrogen. 

1. Refuelable Batteries 

In particular we wi l l  describe novel methods of recharging the 

I 

In principle a refuelable battery is one in  which the discharged plates 1. ' can be easily replaced. 
mechanically rechargeable metal/air  batteries a r e  the only refuelable batteries 
which have been developed. 

In practice i t  is simpler to replace only the anode and 

In metal/air  batteries,  the oxidant (air) reacts  with an  electropositive t ' metal to fo rm a metal oxide (or hydroxide) and electrical  energy. Mechanically 
rechargeable metal /a i r  cells  a r e  refueled by withdrawing only the discharged 

\ anodes and replacing them with new ones. The advantages of these bat ter ies  are:  

', 

I) The discharge efficiency of the anodes is 8070 o r  greater  and this  allows high 
energy densities to be obtained, 

2) They a r e  capable of giving high power densities, 
3) They can be refueled (recharged) rapidly since the anodes can be readily 

removed and replaced, 
4) The charging efficiency is high since the spent anodes may be recharged 

externally a t  a low rate,  
5) There i s  flexibility in  anode regeneration (Section 6), 
6) The oxygen cathode i s  used only during discharge and then i t  i s  capable of 

many cycles. 

Thus i t  can be seen that refuelable batteries could be recharged rapidly and s t i l l  
use off-peak power for anode regeneration so that extra  fuel cell capacity would not 
be required for battery charging (low capital cost). 

By reviewing the present technology of mechanically rechargeable metal/  
a i r  batteries,  we can define some of the limitations of such bat ter ies  and then 
describe the improvements that a r e  required and the likelihood of their  being 
achieved. 

We w i l l  r e s t r i c t  this review to the following cells: zinc/air ,  aluminum/ 
a i r ,  magnesium/air ,  i ronlair  and cadmiurnlair. These sys tems have been included 
since: 1) they have high theoretical energy densities and 2) several  studies have been 
made with them so that their  problems a r e  well-defined. 
theoretical energy densities (e. g. , l i thium/air  and sodium amalgam/a i r )  have not 
been included since their  state of the a r t  i s  not far advanced (2). 

Other cel ls  with high 

Lead/air  batteries have not been included(a1though the anode i s  well- 
developed and carbonate formation in  the acid electrolyte i s  not a prob1em)since: 
1) they have a low theoretical energy density (183 Wh/lb), 2) the cost per watt-hour 
of lead is high (. 77k/KWh), 3) only expensive, noble metal cathode catalysts a r e  
stable in the acid electrolyte, 4) the cathode polarization is significantly higher in 
acid than in alkaline electrolyte (3) and 5) P t  dissolves in the electrolyte and i s  
transported to  the anode (i- e. ,  lowers i t s  H2 overvoltage), thus decreasing the anode 
shelf life and preventing efficient recharge. 

2 .  Design of Refuelable Batteries 

Mechanically rechargeable z inclair  batteries have been used by the 
mili tary fo r  communications equipment (2,  4-6) and similar designs have been 
used for A l / a i r  ( 2 ,  7). Mg/air (8-ll), F e / a i r  (12) and Cd/air  (2, 13) cells. 

The basic cell consists of two cathodes ( 0 .  200 - 0.250 inches apart)  
connected in parallel  and separated by a porous zinc anode inserted between them. 
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With this design it is simple to remove a discharged anode f r o m  the bicell and 
replace with a new one. 
Figure 2 shows the bicell design and Figures  3 and 4 show 

F igure  1 shows the arrangement of anode and cathode, 
2 battery designs. 

The present zinc anodes a r e  made f rom zinc powder which i s  impreg- 
nated with dry potassium hydroxide and then pressed to the required dimensions. 
The electrodes a r e  wrapped in a separator (a few thousandths of an inch thick) 
and stored in aluminum/mylar envelopes to r e t a rd  water pick-up and zinc oxida- 
tion. 

The a i r  electrodes (Figure 1) must be held f la t  and parallel  to the nega- 
tive plate to minimize iR lo s ses  in the cell  and to prevent electrode shorting but 
the lightweight air cathodes a r e  not sufficiently rigid to be dimensionally stable. 
Thus non-compressible, porous spacers  are placed in the air chambers between 
bicells and then subjecting the whole cell  stack to an external pressure which is  
applied by a screw adjustment (Figure 4) .  P r e s s u r e  is  released to allow refuel- 
ing (replacement of zinc plates) and reapplied before the next discharge. 
this requi res  that the tolerances on the dimensions of the zinc electrodes must be 
within a few thousandths of an  inch. 

Obviously 

Air flow is generally achieved by natural  convection and the space 
The air spacing i s  a 

Forced a i r  convection i s  used 

between the bicells i s  therefore a cri t ical  design factor. 
compromise between the  need to provide sufficient air for high discharge ra tes  
and the need to minimize the volume of the battery. 
to increase  the battery power density. However this resu l t s  in a lower energy 
density due to the ex t ra  weight of the fan and to  the parasit ic current drawn from 
the battery and in f a s t e r  carbonation of the electrolyte (Section 5). 

3 .  Technology of Metal/Air Cells 

Table 1 gives values of the E . M . F . ' s  (E), the theoretical energy 
densiti.es, the thermoneutral  voltages (ET)  (2) and the anode cost p e r  theoretical 
KWh of metal/oxygen cells. 
f r o m  the electrochemical equivalent of the anode and the cell E. M. F. 

The theoretical energy densities were calculated 

Table 1 lists the thermoneutral voltages of the metal/oxygen couples. 
This parameter  i s  defined a s  - A H/RT, where AH i s  the enthalpy of the cell  
reaction. It i s  an abs t rac t  quantity and it represents  a n  unachievable voltage at 
which no heat would be generated by the cell.  

The thermoneutral voltage permi ts  simple calculations of heat genera- 
For example, the ratio of the heat generation to electrical  tion i n  meta l /a i r  cells .  

power is given by (ET - E c ) / E c .  
this ratio is  useful in comparing the heat generation of the meta l /a i r  cells. 

where EC is the cell  operating voltage, and 

Figure 5 shows the polarization curves for  meta l /a i r  cells. Clearly 
these polarization curves  will  depend on many parameters  (e. g., anode and 
cathode manufacturing technique, anode porosity, cathode catalyst etc. ) which 
will vary from manufacturer to manufacturer. However the curves in Figure 5 
do give an  indication of the expected initial performance of the metal/air  cells. 

The polarization curves for  AI/ and Mg/air  cells  were obtained with 
a chloride electrolyte (NaC1 or KC1) while those for the other meta l /a i r  batteries 
were obtained with an alkaline electrolyte (31% KOH). The curve for  Zn/air  cells 
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is the best l i terature  value (14) and i t  was presumeably obtained with thin electrodes 
since the cel l  voltage depends on the anode thickness (15). 
age  at  100A/ft2 for  a z inc /a i r  battery with a 0 . 2 0 0  inch thick anode was 0.1V l e s s  
than the value given in Figure 5 (4).  
obtained (2) with a 0 .  030 inch thick commercial  Cd anode and those for  the Al/  and 
Mg/air  cel ls  were obtained with alloy sheet anodes. 
been reported for alkaline electrolyte F e / a i r  cel ls  in the l i terature  and the data 
given in  Figure 1 was calculated on the assumption that the Fe /a i r  cells voltage 
would be 0.4V l e s s  than that of Zn/a i r  cells .  
voltages calculated f r o m  half cel l  data of i ron  electrodes (16) and of air cathodes 
(F igure  6). 

Table 2 gives values of the rat io  of the heat generation to electrical 
power a t  a discharge r a t e  of 40mA/cmZ. 
of the operating voltage a t  40mA/crnZ f r o m  Figure 1 and the cell thermoneutral 
voltage (Table 1).  
(Table 2). 

F o r  example, the volt- 

The polarization curve for  the Cd/a i r  cell was 

No polarization curves have 

This  assumption ag rees  with the cell  

This data was calculated using the value 

Dissipation of this  heat is important even in z inc/air  batteries 

TABLE 2 

Couple 

Heat Generation by Metal/Air Cells 

Heat Generation 

I Al/air  I 1.15 

1. 78 

0 . 6 1  

0.46 

0 . 5 5  

Zn/a i r  

Cdfa i r  

(1) Calculated f r o m  the thermoneutral voltages (Table 1) and the 
operating voltages a t  40mA/cm2 (Figure 5) .  

a)  Zinc/Air 

Zinc anodes offer a compromise between A1 and Mg anodes on one hand 
which have high theoretical energy density but poor use-life and polarization 
characterist ics,  and Cd anodes which have low theoretical energy density but good 
shelf-life and polarization character is t ics .  The anodic behaviour of zinc is deter-  
mined by i t s  relatively high hydrogen overvoltage and the solubility of zinc oxide in 
alkaline solution. 
th i s  can  be fur ther  increased by  amalgamation while the high solubility of zinc 
oxide prevents zinc passivation and allows high discharge ra tes  to be obtained. 

The fo rmer  means that Zn has  a relatively long shelf-life and 

The anode thickness and porosity are  determined by the required 
energy and power densities and typical values of these pa rame te r s  are 0.05" - 
0.250" and 75% - 85% respectively. 
increasing the cell capacity p e r  unit a r e a  of cell  (i. e . ,  increase  anode thickness 
and decrease  anode porosity). 
increasing the electrode porosity but this resu l t s  in a lower weight of zinc in the 
electrode and hence in a lower energy density. 
energy and power dens i ty .  

The energy density of the cell is increased by 

However high power densities a r e  only obtained by 

Thus there  is a trade-off between 

A major limitation of the present z inc/air  bat ter ies  is the heat genera- 
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tion a t  high ra tes  of discharge. 
cell  (Table 1) it can be seen that a zinclair  cell  delivering electrical  power at 0.9V 
must dissipate a n  equivalent amount of energy a s  heat. 
i t  resul ts  in  an increase in  cell temperature which consequently: 
ra te  of zinc anode self-discharge and 2) causes water loss from the cells by evapora- 
tion. 

F r o m  the value of the thermoneutral voltage of this 

This is undesirable since 
1) increases  the 

It is difficult to compare values of energy density and power density 
f rom the l i terature  since these two parameters  a r e  dependent on operating tempera- 
ture ,  duty cycle of the battery and the cathode catalyst. Energy densities of 80 Whl 
lb with power densities of 45 W/lb have been reported ( 5 )  for a 113 KW battery. 
l a rger  system (1 KW), which is closer to the system required in the hydrogen fueled 
society, demonstrated a maximum power-density of 26 W/lb a t  a n  energy density of 
30 Whllb (14). 
up to l imits of 80 W/lb and 80 Whllb but these goals have not been achieved at present. 
Neither of these batteries used forced air convection and therefore cannot be used 
to project power and energy densities for la rger  (5 KW) batteries. 

A 

The author (14) projected that further improvements might be possible 

The 113 KW battery mentioned above is used for  military communications 
The cost of the batteries and of the replacement anodes is $400/KWh and equipment. 

$40/KWh,respectively. 
KWh. 
decrease both the anode manufacturing cost and the cathode catalyst cost. 

Thus with 100 discharge cycles, the operating cost i s  $441 
This i s  too expensive for non-military applications and it is necessary to 

In summary the problems which limit the use of z inclair  batteries a t  
present are:  

1) The use-life of the Zn anode is limited and it is preferable to  use these cells 
continuously rather  than in intermittent operation, 

2) The lower discharge efficiency of thick Zn anodes a t  high rates of discharge, 
3) The heat generation at  high discharge rates ,  
4) Since the oxidized state i s  soluble, the zinc oxide in the discharged anodes 

slumps to the bottom of the current collector and thus the shape of the electrode 
must be reformed during anode regeneration, 
The cost and stability of the cathode catalyst. 5)  

b) AluminumIAir 

The high cel l  E. M. F. , the high theoretical energy density, i t s  low cost 
per  watt-hour and the ease  of manufacture of anodes makes aluminum an attractive 
anode for  metal/air  cells. 
1) the discharge of aluminum anodes is i r reversible  and 2) the self-discharge of 
aluminurn anodes i s  very rapid. 

However the aluminum/air cell has two major problems: 

Aluminum electrodes dissolve rapidly on open circuit  in alkaline solution 
with the evolution of hydrogen and consequently Al la i r  cells  generally use either a 
neutral  (KC1) o r  acidic (AlCl?) electrolyte (2). 
pure aluminum dissolves rapidly on open circuit  and polarizes excessively. 
reversible behaviour i s  exhibited by aluminum/tin alloys. 
w a s  obtained with the aluminum/tin alloy A6 (Olin Mathieson Chemical Corp. ) and 
Figure 5 (2) shows the polarization curve of an Al la i r  cell with this alloy in a 2.5 MKCl 
solution. 

However even in this electrolyte, 
More 

Optimum performance (2) 

A s  a consequence of the high self-discharge rate  of A1 alloy anodes and 
of the cell  irreversibil i ty,  a major limitation of Al la i r  cells  is the heat generation 
and Table 2 shows that fo r  cells operating at  the same power,-Al/air cel ls  generate 
approximately three t imes more heat than zinclair  cells. 
resul ts  in a high rate of water loss, it creates  hazardous and runaway conditions 

This heat generation 
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and i t  severely decreases  the anode shelf-life. 
electrolyte reservoir o r  by forced air convection, but neither approach permits 
high energy density designs. 

It may be alleviated by using a large 

The advactages of A l l a i r  cells  a r e  that the anodes can be made f rom 

2 

No work has  been reported on operable, mechanically rechargeable 
Single cell data in alkaline electrolyte (7), have been used t o  

sheets of the metal alloy which a r e  simple and cheap to manufacture and they use 
a cheap, CO rejecting,safe electrolyte which can be easily handled by the consumer. 

battery systems. 
project 2n energy density of 200 Wh/lb and a power density of 76 W/lb. 
these values were calculated on the basis of the weight of the reactants only and 
the electrolyte and A1 were  separated while the cell  was on open circuit. 
that the system includes adequate provision for  cooling, since the experimental 
design data i s  based on cell  voltages of 0. 9 - 1.25 volts which indicates heat genera- 
tion at 2 to 3 t imes the r a t e  of power generation. 
markedly decrease the values of energy and power density and the energy and power 
density data quoted above (7) is considerably greater  than would be obtained in an 
operable system. 

c)  MagnesiumIAir 

However 

It is vital 

Thus the total battery weight wi l l  

Magnesium anodes exhibit the same disadvantages a s  aluminum anodes, 
i. e. , i r revers ible  polarization character is t ics  and high self-discharge rates.  
addition, the discharge product of Mg anodes is a solid sludge which masks  the 
bottom portion of the Mg anode and makes anode removal difficult ( 8 ,  9, 11). 

In 

In alkaline electrolyte magnesium anodes passivate and Mg/air cells  
utilize a sodium chloride solution (11). Even i n  this electrolyte pure magnesium 
anodes polarize excessively and this has resulted in  the use  of magnesium alloys 
which are often ternary alloys of magnesium, aluminum and zinc. 
the polarization curve f o r  a Mg/air  battery using the Mg alloy AZ61 (Olin Mathieson 
Chemical Corp. ) in  18% NaCl solution (11). 
tion is associated with a high r a t e  of self-discharge and the alloy AZ61 gave the 
optimum performance. 

F igure  5 shows 

As with A1 alloys, low Mg alloy polariza- 

The product of Mg anode discharge in a Mg/air cell is magnesium 
hydroxide (or  hydroxylchloride) (11). This product remains in the cell as a sludge 
and the volume of the ce l l  must be sufficiently large to contain this product and to 
allow easy  removal of the anode af ter  discharge. 

Heat generation due to anode self-discharge and cell irreversibil i ty i s  an 
even greater  problem with Mg/air  cells  than with Al l a i r  cells  (Table 2). 
air requires  a water r e se rvo i r  and/or forced air convection to aid in cel l  cooling 
and it has been shown that these cells operate more efficiently a t  low temperatures 
(10). 

Thus Mg/ 

A 23 cel l  Mg/air battery of similar design to that in F igure  3 has been 
reported (11). F r o m  data given in the paper (11) and assuming the battery weight (4) 
is the same as that of e inc/air  bat ter ies  (Figure 3),the battery energy density was 
approximately 65 Wh/lb and the maximum power density was 50 W/lb. Water 
evaporation during battery operation was a major problem and w a t e r  had to be added 
to the cell, otherwise the Mg w a s  not consumed uniformly and the cell voltage 
decayed (11). 

d) Iron/Air 

Iron anodes have been used for over fifty years  in Ni /Fe  batteries. The 
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advantage of this material  is i t s  availability, abundance and basically low cost. 

The theoretical energy density for i ron /a i r  cells (Table 1) w a s  calculated 
However the anodic discharge of assuming the oxidation of iron to the 3 valent state. 

an  i ron  electrode in alkaline electrolyte occurs a t  two discrete voltage levels. 
f i r s t  a t  -0.8V vs Hg/HgO corresponds t o  the conversion of iron to fe r rous  hydroxide 
while the second a t  -0.65V vs Hg. HgO corresponds to the conversion of i ron  to the 
three valent state (16, 17). The i ron  electrode is  normally operated only to the f i r s t  
discharge voltage plateau (i. e. , 2 valent state) and the theoretical energy density for 
the i ron la i r  cell is then 557 Wh/lb. 

The 

Sintered iron electrodes have the ability to be deeply discharged and 
hence make lightweight, low cost iron electrodes a possibility. Low electrode cost, 
however,is dependent on developing an  inexpensive means of increasing the HZ over- 
voltage of iron. 
high degree of purity before reducing it to powdered iron particles but this adds 
considerably to the electrode cost. 

This is presently achieved by refining the iron oxide powder to a 

The advantages of i ron /a i r  cells  compared with z inc la i r  cells  are: 

1. 
2. 
3. 

The lower cost of iron/KWh (Table l), 
Iron oxide is cation conductive and hence l e s s  prone to  passivation, 
There is no material  slumping in the discharged anode since the oxidized 
state of the iron electrode is relatively insoluble. 

No mechanically rechargeable F e  /air batteries have been reported 
although i t  has been claimed (12) that energy densities of 65 Wh/lb a r e  achievable. 

e )  CadmiumIAir 

The cadmiurnlair couple has the lowest theoretical energy density of the 
couples considered in  this paper (Table 1) but thin (0.030 inches) cadmium electrodes 
a r e  readily available and hence development costs for  this cell  should be relatively 
low. The cadmium/air cell (2) has a lower voltage a t  all  current densities than the 
z inc la i r  cell (Figure 5) and the practical  energy density is lower. 

1 
, Refuelable cadmium/air batteries could be manufactured with today's 

technology but would probably not provide high enough energy or power densities to 
justify their high cost. 
equivalents probably (2) res t r ic t  the maximum achievable energy density for refuel- 
able Cd/air cells to 20 Wh/lb. 

Thus the lower cell voltage and the lower electrochemical 
I 

The advantages of cadmiurnlair cells  compared with the zinc/air  systems 
\ 
, 

are :  1) Cd anodes have good shelf-life, 2) Cd anodes have long cycle life and 3) the 
anode could be recharged without using d. c. power (18) which may be particularly 
advantageous in the hydrogen fueled society (Section 6). 

\ f )  Ai r  Cathode 

The cathode structure used in most metallair  systems (2) consists of a 
mixture of catalyst and Teflon (19) supported on a hydrophobic film with the current 
collected by an expanded metal mesh embedded in the catalyst/Teflon matrix. The 
Teflon aids in the formation of a n  air/electrolyte/catalyst three phase boundary 
which ensures that the maximum catalyst a r ea  is used efficiently in  the electro- 
chemical reaction. The hydrophobic fi lm prevents electrolyte seepage from the 
cell  and ac t s  as the outer case of the bicell (Figure 2). The advantages of these 
electrodes are:  1) they a r e  lightweight and the oxidant does not contribute to the 
cell  weight, 2) they exhibit high limiting currents,  3) they exhibit a stable voltage 

'' 

'1 

\ 
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during discharge and 4) they exhibit a flat polarization curve which permits operation 
of the electrode over a wide cur ren t  density without la rge  voltage variations. 1 

i Figure 6 ( 2 )  shows the polarization curves  f o r  oxygen reduction on a 
Teflon bonded P t  electrode ( P t  loading 5g/ft2) in air saturated 31% KOH solution and 
in a i r  saturated 2.5 MKCl solution. 
plotted versus  the cur ren t  density (Figure 6), in order  to  compare the cathode polari- 
zation in  alkaline and chloride electrolyte. 

1 The cathode overvoltage (i. e. , E - EC)  w a s  

1 Comparison of the cathode Polarization in alkaline electrolyte (Figure 6) 
with the Zn/,  F e /  and Cd/a i r  cell polarization (Figure 5) indicates that the cathode 
polarization i s  the major fraction of total ce l l  polarization up to 100A/ft2. 
most of the heat is generated a t  the cathode in these ce l l s  and a decrease in the 
cathode polarization w i l l  markedly decrease the heat generated as well as  increase 
the battery power density. A decrease in cathode polarization may be achieved 
either by increasing the catalyst activity (i. e . ,  decrease the activation polarization) 
or by improving the electrode s t ruc ture  (i.  e .  , decrease the concentration polarization). 

Thus 

i 

Platinum has  been used a s  the cathode catalyst in  those applications 
(mili tary) where high energy density is more vital than battery cost, but P t  cathodes 
a r e  a major cost limitation of commercial  Zn/,  F e /  and Cd/a i r  batteries. F o r  
example, a zinc/air  battery with a P t  catalyzed cathode (5gms/ft2 of Pt) gave 100 W/ 
f t2  (100A/ft2 @1. OV (4)) and the platinum cost w a s  then approximately $300/KW. 
Clearly such costs limit the commercial  usefulness of present,  refuelable einc/air  
batteries and require far more  than the 100 discharge cycles, which i s  obtainable at 
present (4), to be economically attractive. 

Another reason why P t  cannot be considered a s  a practical catalyst is 
the gradual transfer of P t  f r o m  the diffusion electrode to the negative plate (20). 
This w i l l  clearly limit the number of cycles obtainable with the cathode and the 
presence of P t  on the anode w i l l  increase its ra te  of self-discharge and w i l l  lower 
the coulombic efficiency of anodes which a r e  recharged electrochemically. 

Carbon, on which a hydrogen peroxide decomposition catalyst was 
supported, has been used to decrease the cathode catalyst cost. 
zinc/air  battery with a carbon catalyzed cathode containing 1/4 g/ft2 of a noble 
metal  gave (15) 65 W/ft2 (65A/ft2 a t  1V) and the catalyst cost was then approximately 
$25 /KW.  
cathode polarization, a low cell  power density and grea te r  heat generation. 

For example, a 

However this lower weight of noble metal  catalyst resulted in  a greater 

The polarization of P t  catalyzed air cathodes i s  much grea te r  in KC1 
solution than in KOH solution (Figure 6). 
capacity of KC1 solution (concentration polarization) and to  the influence of chloride 
ions on the catalytic activity of P t  (activation polarization). 
cathode polarization curves (Figure 6) with those for Al/ and Mg/air  cells (Figure 5) 
indicate that in these ce l l s  approximately 50% of the heat evolution i s  due to cathode 
irreversibil i ty.  

This may be due both to the lower buffer 

Comparison of the 

There a r e  no efficient catalysts for oxygen reduction in  chloride electro- 
l y t e  and the exchange cur ren t  density for oxygen reduction on platinum w a s  found 
to be a minimum a t  pH 7 (21). However polymeric cobalt phthalocyanine (22) has 
been shown to exhibit a lower polarization for oxygen reduction in neutral  than in 
acid electrolyte and it may prove worthwhile to investigate the activity of these 
cathode catalysts in  chloride electrolyte. 

4. Heat Generation and Dissipation 

Heat is generated during the discharge of all meta l /a i r  cells. As a 
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result of the heat generation, the cel l  temperature must be controlled t o  minimize 
the anode self discharge r a t e  and water evaporation rate .  
importance in Al /  and Mg/air cells (Table 2) but cell  temperature control is also 
very important with the other metal/air  cells. 

This is of particular 

The provisions for  heat dissipation a r e  dependent on the discharge rate  
Thus the higher the r a t e  of discharge the greater  the cell polarization of the cell. 

and the greater  the ratio of heat generation to electrical  power. 

Very little heat can be dissipated by conduction from the cells to the 
battery case since the lightweight current collectors a r e  the only metal  connection 
between cell and case. Therefore the major heat transfer path has to be to the air 
and hence the heat is dissipated by convective heating of the air and by water evapora- 
tion (2, 23). 
cell temperature, water vapor pressure,  a i r  flow rate ,  inlet and outlet temperature,  
and the relative humidity of the air stream. The interdependence of these parameters  
is quite complex and the relationships have been derived for a 10 KWh zinc/air  battery 

The relative contributions of these heat transfer modes depends on the 

(2 ,  23). 

Battery cooling is achieved either by the use of forced air convection 
However both these solutions l imit  the cell o r  by using an excess of electrolyte. 

energy density since they increase the battery weight and, in addition, the air cir-  
culation rates  must be kept low to minimize the parasit ic power drain and electrolyte 
carbonation. 

5. Carbon Dioxide Removal 

Adsorption of C 0 2  in the electrolyte occurs with a11 the alkaline electrolyte 
metal/air  batteries. 
formance by changing the electrolyte pH in the vicinity of the cathode, by precipitating 
carbonate in the cathode pores  and by causing anode passivation. 

Carbonation of the electrolyte affects the metal/air  cell  per-  

With the present military zinc/air  batteries the electrolyte is discarded 
after discharge of the anode, but this is  an expensive maintenaqce procedure, it i s  
hazardous and it presents disposal problems. 
batteries where the application permi ts  the high operating cost and where weight and 
volume a r e  a t  a premium. 
metal/air  batteries must be controlled by scrubbing the GO2 f rom the atmosphere. 

The removal of C02  f rom the- atmosphere has been studied for alkaline 

It can only be tolerated for small  

The carbonate concentration in l a rge r  alkaline electrolyte 

electrolyte fuel cells and has been reviewed in detail (24). 
and regenerable carbon dioxide scrubbing systems which have been studied. 

Table 3 l is ts  the expendable 

TABLE 3 

Carbon Dioxide Removal Systems 

Soda Asbestos Molecular Sieves 

Lithium Hydroxide Monoethanolamine 

~ Soda Lime Aqueous Caustic Alkali 
~- 

a) Expendable Adsorbers 

Of the three expendable carbon dioxide adsorbers  which have been studied 
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(Table 3 ) ,  soda lime is generally preferred.  
capacity for  CO 
i f  the air has  a t i gh  humidity. 

Thus although LiOH has a 20% greater 
adsorption, it is  more expensive while soda asbestos tends to  block 

Soda l i m e  was  used a s  the a i r  scrubber i n  a demonstration of an alkaline 
I electrolyte fuel cell l lead acid battery power source for a smal l  car  (25). 

found that 20 lbs.  of soda l ime lasted for 500 miles of driving and f rom the data 
given i t  can be shown that this i s  equivalent to 114 lb of soda lime/KWh. 

It was 

I 
b)  Regenerable Adsorber s 

The required COz levels can be achieved with molecular sieves but they 

i 

- 1  

can only be used in dry  a i r  and they require considerable power for regeneration. 

ethanolamine scrubger and this is  rather high for continuous use  of the electrolyte 
In addition there is a constant loss  of ethanolamine due to vaporization and the 
material  requires considerable heat for regeneration. 

The CO concentration cannot be reduced below 30 ppm with a mono- 

J 
I 

Aqueous caustic solutions have been investigated for  scrubbing a i r  for 
alkaline electrolyte fuel ce l l s  (24) and these solutions may be regenerated electro- 
chemically. 
electrodes and the regenerating cell  is operated under m a s s  t ransfer  conditions s o  that 
the acid generated in  the vicinity of the anode resu l t s  in the evolution of carbon dioxide 
f rom the electrolyte. 
which result  f rom the high overvoltage fo r  oxygen evolution and f rom the concentra- 
tion polarization required to reach a pH i n  the range 11-14. Polarization losses  can 
be  reduced if  the anode and cathode a r e  depolarized with H2 and a i r  respectively. 
Clearly this regenerative technique would mean a large parasit ic power loss and it i s  
necessary to have more  details on the scrubbing efficiency of alkaline electrolyte and 

In the regeneration technique, hydrogen and oxygen a r e  evolved at two 

The major  disadvantage of this system is the inefficiencies 

- 
on the regeneration efficiency before i t  is known whether this system is competitive 
with soda-lime for small  power levels. 

6. Battery Refueling 

Two processes  are involved i n  the refueling of mechanically rechargeable 
me ta l l a i r  batteries: 

a)  Removing the discharged anodes and replacing them with new electrodes, 
b) Anode regeneration. 

The battery sys t em must be designed s o  that the fo rmer  process can be 

However the anode regeneration could be 
ca r r i ed  out rapidly by unskilled personnel since speed of recharging is one of the 
major advantages of refuelable batteries. 
car r ied  out slowly and use  off-peak power (H2). Except for the reduction of cadmium 
oxide (Section 6(b)),reduction of the metal oxide i s  probably too complex to be carried 
out by the consumer and will have to be performed a t  service stations. 

a )  Anode Replacement 

Prac t ica l  experience has been gained recharging z inc la i r  batteries 
and a description of the recharging of these batteries s e rves  to identify the problems 
in  charging all meta l /a i r  batteries.  

After discharge and removal f r o m  the bicell (Figure 2),  the zinc electrode 
is little more  than a conductor surrounded by a mass  of zinc oxide particles in  a 
separator bag which is  wet with KOH solution. 
between zinc oxide particles,  anode shape change occurs during the battery discharge 

Because of the lack of cohesion 
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(i. e . ,  the zinc oxide slumps to the bottom oi rhe plate) and the spent plate i s  no 
longer uniform. 
mate dimensions and then be restrained to these dimensions while they a r e  cathodically 
reduced to  zinc i n  alkaline electrolyte. They must  then be removed f r o m  the reduction 
bath, washed f r ee  of KOH, dried and pressed to the exact cell  dimension. 

Thus these discharged anodes must be f i r s t  pressed into approxi- 

The disadvantages of using this type of zinc electrode a re :  1) they have 
poor rigidity and adherence in the discharged state,  2) the regeneration process is 
complex and expensive, 3)  porous zinc anodes impregnated with KOH a r e  potentially 
hazardous and could not be handled safely by unskilled personnel, 4) re-generated 
zinc anodes of th i s  form have a limited life before capacity degenerates to an un- 
acceptable level because of particle size growth during each dischargelcharge cycle. 

These problems have led to the development of a z inc la i r  battery which 
utilizes a zinc powder (26). 
source for electric automobiles, the zinc powder fuel was stored as a suspension in 
water and distributed intermittently with electrolyte to the bicell. 
similar to that i n  Figure 2 and the a i r  cathodes were catalyzed by silver (loading 
60 g/KW). 
and regenerated independently of the battery operation. 

In this system ( 2 6 ) ,  which is being developed a s  a power 

The bicell was 

After discharge the spent fuel and electrolyte was drawn f r o m  the battery 

The major disadvantage of the cell  w a s  that a la rge  volume of electrolyte 
was required for  efficient discharge of the zinc powder (i. e. ~ 41 of 10N KOH solution 
f o r  1 KWh), otherwise the zinc powder passivated. Thus a typical smal l  electric car  
would need approximately 10 gallons of tank storage for a day's operation (10 KWh). 
On this basis,  daily refueling would be desirable and would probably best  be me t  by 
storing zinc powder and electrolyte i n  the ca r  owner's garage. The authors did not 
indicate time needed for  refueling. 
5 minutes since the battery has to be drained of electrolyte and ZnO and the tanks have 
to be replenished with a Zn/H20 s lu r ry  and with f r e sh  electrolyte. 

However this would probably requi re  about 

The battery had a n  energy density of 42 Wh/lb and a 10 hour operating 
capacity. 
cover the fuel regeneration equipment and no data was provided to indicate this cost. 

Capital costs for the battery were quoted a s  $lOO/KW, but this did not 

The work so  far looks promising for  the intermediate e lec t r ic  vehicle, 
but vast improvements would be needed for it to se rve  the hydrogen fueled society 
efficiently. 

Magnesiumlair and aluminurnlair batteries offer grea te r  flexibility 
for refueling since they use  regular alloy sheet. The simplicity of this type of anode 
and the need for only minimal protection against bending during shipment and storage 
means that manufacturing costs would not be much higher than the cost of commercial  
alloy sheet. 
Mg/air  batteries use a chloride electrolyte, the spent anodes could be safely handled 
by the consumer. 
but they would be discarded and new ones would be purchased f rom a store.  Thus 
the ease  of refueling, reinforced by the fact  that they use a cheap, GO2 rejecting, 
safe electrolyte, provides an  incentive for  fur ther  r e sea rch  to  develop a commercial  
A l l a i r  o r  Mg/air  battery. 

These anodes a r e  also non-adherent after discharge but, since A l l  and 

These discharged anodes could not be reprocessed by the consumer 

Discharged cadmium and iron electrodes a r e  rigid and adherent in the 
discharged state and thus many of the processes  used in recharging Zn anodes would 
not have to be used in recharging Fe and Cd anodes. 
could be readily recharged in the hydrogen fueled society and hence the high initial 
electrode cost would be countered by the low regeneration cost. 

In addition the discharged anodes 
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b) Metal Oxide Reduction 

In the non-fossil fuel society, internally rechargeable batteries would be 
However the electrochemical recharged by using the d. c. power f rom the fuel cell. 

efficiency of the fuel cel l  i s  only 70% and the watt-hour efficiency of charging is a t  
best (i. e. ,  with slow charging rates) only 60-800/. Thus the volume of hydrogen used 
to recharge storage batteries would be two to three t imes greater  than the theoretical 
value. 

, 
In this section w e  w i l l  describe methods of recharging discharged F e ,  Zn 

Since the discharged anode i s  removed from and Cd anodes in the H2 fueled society. 
t h e  bicell and the metal  oxide is reduced in a separate  apparatus, hydrogen can be 
used directly for anode regeneration and this gives a particularly high charging 
efficiency. Discharged A1 and Mg anodes cannot be reduced in aqueous electrolyte 
and it would be more  convenient and economical to rec la im these metals by recycling. 

There a r e  three ways of recharging the discharged anode: 

1. 

2. 

3.  

Reduction of the metal  oxide by d. c. power using an  inert  counter electrode 
(oxygen evolution), 
Reduction of the meta l  oxide by d. c. power using a hydrogen depolarized 
electrode as the counter electrode, 
Thermal reduction of the metal oxide with hydrogen. 

In Table 4 the operating costs  (expressed as a volume of hydrogen) of each method 
a r e  compared. 
fuel cell  electrochemical efficiency of 70%. 

The data in  columns 1 and 2 (Table 4)  were calculated assuming a 

In method 1 the discharged anode is cathodically reduced in  an  alkaline 
electrolyte bath using a n  ine r t  counter electrode. Thus the applied voltage during 
charge is equal to  the sum of the E.M.F. of the metal/oxygen couple and the total 
overvoltage for the electrode reactions. 
lated by assuming that the total cell overvoltage during charge would be 0 . 6 V .  

The data in  Table 4 (column 2) was calcu- 

The procedure in method 2 i s  similar to  that in  method 1 except that a 
hydrogen depolarized electrode i s  used a s  the counter electrode. 
voltage during charge is equal to the sum of the E. M. F. of the metal/hydrogen 
couple and the total overvoltage of the electrode reaction. The data in  Table 4 
(column 3) was calculated by assuming that the hydrogen overvoltage is O.O5V, and 
tha t  the volume of H2 requi red  for the H2 depolarized electrode i s  equal to the 
theoretical coulombic value. 

Thus the applied 

Table 4 shows that i t  i s  significantly more  expensive ( larger  volume of 
Hz) to  reduce the metal  oxide by method 1 than by method 2. 
applied voltage during charge is l e s s  i n  the latter method since: 1) the E. M. F. of 
the metal/hydrogen cell  is approximately 1.2V lower than that of the metal/oxygen 
cell  and 2) the overpotential for  H 
evolution. 
than that of hydrogen and thus, with a hydrogen depolarized counter electrode, the 
applied voltage for  oxide reduction is only 0 . 4 5 V ,  whereas the applied voltage is 
2 . 2 V  with a n  inert  counter electrode. 

This i s  because the 

oxidation is significantly l e s s  than that for oxygen 
F o r  example, the Zn / inO electrode potential is only 0 . 4 V  more  negative 

In the  third method the metal oxide i s  reduced by heating in  hydrogen. 
The data for  this method (Table 4, column 4) was calculated by using the stoichio- 
me t r i c  volume of hydrogen and no allowance was made f o r  the hydrogen required 
to heat the oxide t o  the required temperature (i. e. ,  these values a r e  the theoretical 
volume of hydrogen required fo r  anode regeneration). 

Table 4 (column 5)also shows the minimum temperature required for  the 
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thermal  reduction of the metal  oxide with hydrogen. These values were  calculated 
using l i t e ra ture  values of the f r ee  energy of formation of the oxides (27) and of the 
elements (28 ) .  

Direct reduction of ZnO occurs at too high a temperature (Table 4) for 
this method to be economical and thus zinc electrodes would be recharged by the 
cathodic reduction of the me ta l  oxide utilizing a hydrogen depolarized anode. 

Since the Fe/Fe(OH)2 electrode is only slightly less noble than the H2 
electrode (O.O5V), i ron  oxide can be  reduced in a similar way but the external 
voltage would now only be 0.1OV. However iron oxide m a y  also be reduced by 
heating the oxide in a hydrogen atmosphere to a temperature of approximately 500OC 
(Table 4). 
product was FeO since t h e r e  was no information in  the l i t e ra ture  on the variation of 
the f r ee  energy of formation of Fe(OHI2 with temperature.  If little heat is needed, 
direct  reduction of the discharged i ron  anode may be as economical as the electro- 
chemical reduction and it i s  probably more convenient. 

This temperature was calculated by assuming that the anode discharge 

Reduction of CdO with hydrogen i s  possible at room temperature (Table 
However cadmium oxide can be reduced by exter- 4) but the reaction i s  very slow. 

nally connecting the cadmium oxide to  a hydrogen depolarized anode (18) and no 
external power need be applied for  this process  since the Cd/CdO electrode is more 
noble than the hydrogen electrode. 

Clearly th i s  technique fo r  recharging Cd electrodes can a l so  be car r ied  
out i n  the battery without remo&g the anodes f r o m  the bicells and this may possibly 
be ca r r i ed  out by the consumer.  
system with nitrogen and bleeding H2 into the gas space behind the diffusion electrode. 
Each cell i s  then shorted out (positive to negative) until H2 consumption ceases. 
short-circuit  i s  then broken and the'N2 - HZ mixture replaced by N2 again and then 
air. Thus this battery system needs only a H2 supply and adequate gas-manifolding 
fo r  recharging. The simplicity of the system however must  be weighed against i ts  
initial cost  and low energy density. Careful control of alkalinity is a l so  necessary 
to avoid carbonate build-up and consequent short-cycle life of the cadmium electrode. 

This would be done by sweeping a i r  f rom the 

7 The 

1 ' 
I In this section w e  have only compared the operating costs (Table 4) of 

anode regeneration but the cost  of the recharging equipment (capital cost) would 
partially determine the total battery recharging cost. 
tion on this cost but, if ex t ra  fuel cell  capacity had to be added for  battery recharging 
the capital cost would be markedly increased. 
of conventional storage batteries,  refuelable batteries can be recharged rapidly and 
yet use off-peak power for anode regeneration. 

At present there  i s  no informa- 

However, i n  contrast to rapid charging 

7. Summary 

This review has necessarily been res t r ic ted  to  mechanically rechargeable 
meta l la i r  cells since these a r e  the only refuelable ba t te r ies  which have been developed. 
These refuelable batteries have many possible advantages over internally rechargeable 
systems but these advantages a r e  counterbalanced by the problems with each metal/ 
a i r  cell.  

' 

, 

Table 5 summarizes  the cell energy densities and the present and possible 
The f i r s t  value of .energy density (Table 

Comparison with the theoretical energy density 

future capabilities of the  me ta l / a i r  batteries.  
5) was calculated f rom the electrochemical equivalents of the metals and the metal/ 
air cell voltage at 40A/ft2 (Figure 5). 
values given in Table 1 indicate the influence of cell  polarization on energy density. 
The second value of energy density given i n  Table 5 takes into account the total 
battery weight. 

I 
These values were either obtained from the l i t e ra ture  (Zn), o r  calcu- 
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lated f rom data  given in  the l i terature.  

Clearly none of the existing meta l /a i r  cells  meet the requirements of 
the hydrogen fueled society (Table 5) but neither do the present storage batteries 
(e. g. , l ead  acid and nickel/cadmium). The improvements which must be  made in 
o rde r  to improve the meta l /a i r  systems to the point where they will provide energy 
densities of 100 Wh/lb and power densities of 75-100 W/lb a t  acceptable costs/KW 
and /KWh are:  

1. Cost of cathode catalyst, 
2. Irreversibil i ty of the cathode, 
3.  
4. 
5. 

Heat generation by the  battery, 
Removal of discharged anodes from the bicell, 
Adsorption of CO2 by the electrolyte (alkaline electrolyte cells only). 

In addition improvements must be made in each anode to achieve the 
goals l isted in Table 5. Thus i n  order to make zinc/air  batteries more viable the 
manufacturing cost and the recharging cost of zinc anodes must be decreased. TO 
provide the basis for low cost, high energy density aluminum/ and magnesium/air 
batteries,  AI and Mg alloys giving more reversible potentials and having a lower 
r a t e  of self-discharge are required.  The energy and power density of i ron /a i r  cells 
is  limited by the electronegativity of i ron  but the intrinsically low cost of i ron  would 
allow low cost i ron /a i r  cells  to be made providing the self discharge r a t e  of non- 
purified i ron  can be decreased. 
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FIGURE 3 ESB INC. Zinc/Air  Bat te ry  
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FIGURE 4 E C L  LTD. Zinc/Air  Bat te ry  
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THE PRODUCTION OF METHANE BY THE ANAEROBIC DECOMPOSITION 
OF GARBAGE AND WASTE MATERIALS 

Glenn E.  Johnson, Louis  M. Kunka, W i l l i a m  A .  Decker, and A .  J. Forney 

P i t t s b u r g h  Energy Research C e n t e r ,  Bureau o f  Mines 
U.S. Department of the  I n t e r i o r ,  P i t t s b u r g h ,  Pa. 

I n t r o d u c t i o n  

The n a t u r a l  gas r e s e r v e s  o f  t h i s  c o u n t r y  a r e  dwindl ing ,  and t h i s  r e s o u r c e  w i l l  
some day i n  the n o t  t o o  d i s t a n t  f u t u r e  have to  be augmented o r  r e p l a c e d  by syn- 
t h e t i c  gaseous o r  o t h e r  t y p e s  of  f u e l .  A t  t h e  same t i m e ,  was te  materials of a l l  
types  are ever  i n c r e a s i n g  so t h a t  waste d i s p o s a l  i s  one of the l a r g e s t  problems 
f a c i n g  a n  ecology-minded s o c i e t y  o f  today. 

The magnitude o f  t h e  problem i s  shown by t h e  f a c t  t h a t  about  3 b i  ion tons  of 
s o l i d  o r g a n i c  wastes  a r e  g e n e r a t e d  y e a r l y  i n  t h e  United S t a t e s .  (2)- 1)  

A g r i c u l t u r a l  wastes genera ted  t o t a l  2 .5  b i l l i o n  tons  per  y e a r ,  o f  which about  
2 b i l l i o n  tons are manure. T o t a l  urban wastes genera ted  i n c l u d i n g  domest ic ,  com- 
m e r c i a l ,  munic ipa l ,  and i n d u s t r i a l ,  a r e  400 m i l l i o n  tons  p e r  y e a r .  S o l i d  waste 
d i s c a r d s  c o l l e c t e d  by p r i v a t e  and municipal  a g e n c i e s  c u r r e n t l y  t o t a l  a b o u t  200 m i l -  
l i o n  tons  per  y e a r  and a v e r a g e  a b o u t  6 l b  per  day p e r  person (1). P r e d i c t i o n s  c a l l  
f o r  doubl ing  t h i s  ra te  long b e f o r e  t h e  end of  t h e  20th c e n t u r y .  

The o b j e c t i v e  o f  t h i s  work was t o  s t u d y  t h e  product ion  o f  methane by t h e  anaero-  
b i c  d i g e s t i o n  o f  garbage and waste  materials.  Other  methods of u t i l i z i n g  waste 
materials have been proposed and i n v e s t i g a t e d .  A t  t h e  U.S. Bureau of Mines Energy 
Research Center  a t  P i t t s b u r g h ,  Pa. ,  garbage and waste m a t e r i a l s  have been pyrolyzed 
and hydrogenated t o  c o n v e r t  them to  u s e f u l  products  (5, 1). Both o f  t h e s e  processes ,  
however, r e q u i r e  special  equipment ,  and t h e  processes  are complex. Hydrogenation, 
f o r  example, is done a t  h igh  p r e s s u r e s  (2000 t o  6000 p s i )  and high tempera tures  
(250° t o  400' C ) ,  and t h e  waste  must be r e a c t e d  w i t h  a gas (hydrogen o r  carbon 
monoxide). Pyro lys i s  o f  wastes is  accomplished a t  a tmospheric  p r e s s u r e s ,  bu t  
e l e v a t e d  temperatures  of 200' t o  900' C are r e q u i r e d  a s  a r e - s p e c i a l  furnaces  and 
a u x i l i a r y  equipment. Anaerobic  d i g e s t i o n ,  however, would n o t  r e q u i r e  s p e c i a l  high-  
tempera ture  or h igh-pressure  equipment ,  because it is  done a t  atmospheric  pressure  
and about  100' F,  and would u t i l i z e  convent iona l  equipment used i n  t h e  l i q u i d  waste- 
t r e a t m e n t  i n d u s t r y  today.  

D e s c r i p t i o n  of Equipment and T e s t  Methods 

F igure  1 i l l u s t r a t e s  t h e  g l a s s  equipment used i n  ba tch  tes ts  f o r  t h e  anaerobic  
d i g e s t i o n  o f  waste  materials. The procedure o f  t e s t i n g  was a s  fo l lows:  The s i d e -  
arm f l a s k s  used a s  d i g e s t i o n  vessels were f i r s t  purged w i t h  helium t o  exc lude  a i r  
s i n c e  t h e  methane-forming organisms cannot  s u r v i v e  i n  an oxygen atmosphere.  Weighed 
amounts o f  garbage o r  was te  material t o  be t e s t e d  were p laced  i n  i n d i v i d u a l  f l a s k s .  
Measured q u a n t i t i e s  ( u s u a l l y  2 l i t5 f . s )  o f  d i g e s t e r  s ludge  from a nearby a c t i v a t e d  
s ludge- type  sewage-treatment p l a n t -  t r e a t i n g  e s s e n t i a l l y  domest ic  wastes were 

- l /  Numbers i n  parentheses  r e f e r  t o  l i t e r a t u r e  c i t e d  a t  end of paper .  

I 

I 

I 

i 

I 

- 2 /  P l e a s a n t  H i l l s  Sewage Trea tment  P l a n t ,  1222 Cochran M i l l  Road, P i t t s b u r g h ,  Pa. ,  
15236 
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t r a n s f e r r e d  to  t h e  he l ium- f i l l ed  f l a s k s .  The f l a s k s  w e r e  then s toppe red  and placed 
i n  a water ba th  c o n t r o l l e d  a t  95" to  100" P where d i g e s t i o n  began. One of  t h e  
f l a s k s  o f  each series of  tests contained no s o l i d  wastes b u t  on ly  t h e  d i g e s t e r  
s ludge  and served as a c o n t r o l  f o r  t h e  o t h e r  f l a s k s .  

The gaseous p roduc t s  of d i g e s t i o n  were c o l l e c t e d  i n  a rubber  ba l loon  con ta ined  
i n  a w a t e r - f i l l e d  jar ,  which prevented c o n t a c t  between t h e  gas and t h e  water. 
Measurement of the water d i s p l a c e d  as t h e  ba l loon  i n f l a t e d  gave a d i r e c t  measure- 
ment o f  t he  gas produced. Gas samples were p e r i o d i c a l l y  removed f o r  chromato- 
g raph ic  a n a l y s i s  by d e f l a t i n g  t h e  bal loons.  The on ly  c i r c u l a t i o n  of t h e  con ten t s  
of  t h e  f l a s k s ,  bes ides  occas iona l  manual shaking of t h e  f l a s k s ,  w a s  t h e  n a t u r a l  
c i r c u l a t i o n  provided by t h e  heated l i q u o r  and passage o f  gas bubbles through t h e  
mixture .  

T e s t s  With Various Waste Materials and Discussion 

Table  1 i l l u s t r a t e s  d a t a  from a batch tes t  with garbage. One f l a s k  contained 
2 liters of d i g e s t e r  sewage s ludge ,  and the  o t h e r  contained 2 l i ters of d i g e s t e r  
s l u d g e  and 25 grams (dry weight)  of processed,  shredded garbage. The processed 
garbage was  obtained a t  Altoona,  Pa., where r e s i d e n t s  s e p a r a t e  b o t t l e s  and cans  
from t h e i r  r e f u s e  so t h a t  t he  d e s t r u c t a b l e  wastes can be shredded and ground p r i o r  
to undergoing a n  a e r o b i c  mulching t reatment .  

A f t e r  24 hours of d i g e s t i o n ,  t h e  s ludge  (SG-55) had produced 945 m l  o f  gas (50% 
methane), while t h e  sludge-garbage mixture  (SG-56) produced 2080 m l  o f  gas (63% 
methane). In a total  of  336 hours  of  d i g e s t i o n ,  t he  s ludge generated 2735 m l  of  
gas  (1748 m l  of  C a ) ,  a n d  t h e  garbage-sludge mixture generated 6620 m l  o f  gas 
(4048 m l  o f  a). A t  t h e  end of 336 hour s ,  gas gene ra t ion  had ceased i n  both 
f l a s k s .  Assuming that t h e  s ludge  would produce the  same amount o f  gas i n  each  
f l a s k ,  t h e  d i f f e r e n c e  i n  gas product ion is a t t r i b u t a b l e  to the  garbage; or ,  i n  
t h i s  t e s t ,  1.50 f t 3  o f  methane w a s  produced per  l b  o f  garbage. 

Table  I1 i l l u s t r a t e s  a test wi th  sewage s ludge ,  cow manure, and d r i e d  grass 
c l i p p i n g s .  The c o n t r o l  (sewage sludge alone)  produced on ly  422 m l  of  methane, 
t h e  cow manure produced 6949 ml, and t h e  g r a s s  c l i p p i n g s  produced 7483 m l .  
r e c t i n g  f o r  t he  methane produced by t h e  c o n t r o l ,  t h e  cow manure produced 1.11 f t 3  
o f  methane/lb o f  d ry  waste, and the  g r a s s  c l i p p i n g s  y i e lded  1.20 f t 3  of  methane/lb.  

C o r -  

Other materials t e s t e d  f o r  t h e  product ion of  methane by anae rob ic  d i g e s t i o n ,  
w i th  sewage s ludge as t h e  source of  t h e  methane-producing b a c t e r i a ,  are l i s t e d  
i n  t a b l e  111. A s  i n  p rev ious ly  d i scussed  tests, t h e  gas produced by t h e  c o n t r o l  
(sewage s ludge  a lone )  was deducted from the gas produced by t h e  mix tu re  of  sewage 
s ludge-waste  material, and t h e  t o t a l  methane produced by t h e  waste material is 
l i s t e d  i n  c u  f t / l b  (dry weight)  of  s o l i d  waste material. 

Numerous c o a l s  were tested f o r  methane product ion by anae rob ic  d i g e s t i o n ,  b u t  

S ince  t h i s  symposium is  concerned 
on ly  two r e s u l t s  are l i s t e d :  
WAB c o a l  produced 0.44 f t 3  methane/lb c o a l .  
w i th  f u e l s  from n o n f o s s i l  sou rces ,  t h e . c o a l s  are mentioned merely to  show t h a t  
t hey  too  are amenable t o  b a c t e r i o l o g i c a l  degradat ion.  

LVB c o a l  produced 1.04 f t 3  methane/ lb  c o a l ;  the 

The garbage char o f  t e s t  SG-38 ( t a b l e  111) was the  r e s idue  from p y r o l y s i s  a t  
Processed garbage is a raw garbage t h a t  has  been 

The f r e s h  garbage o f  
500" C of a processed garbage. 
shredded a f t e r  t h e  removal of  g l a s s  and metal  materials. 
tes t  SG-41 was a hand-picked, blended mix tu re  of t h e  following: a p p l e ,  orange,  
s i l i c o n e  rubber ,  waxed mi lk  c a r t o n ,  p o t a t o ,  newspaper, on ion ,  aluminum f o i l ,  egg- 
s h e l l ,  lemon, and plum. 
o f  methane/lb of  waste. 
methane producers  gene ra t ing  3 t o  4 f t 3 / l b  of  garbage. Other materials t e s t e d  
were shredded brown paper hand towels ,  shredded newspaper, wood e x c e l s i o r ,  and 

A s  no ted ,  both of  t h e s e  garbages produced about  1.3 f t 3  
The processed garbages (SG-43 and SG-44) were t h e  b e s t  
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cow manure. Apparent ly ,  a n y  o r g a n i c  material is  s u s c e p t i b l e  t o  some degree of 
d e g r a d a t i o n  by a n a e r o b i c  d i g e s t i o n ,  which makes the process  a t t r a c t i v e  f o r  t h e  
d i s p o s a l  o f  urban s o l i d  wastes s i n c e  they a r e  a conglomerat ion o f  d i scarded  
m a t e r i a l s .  

Process  Improvemencs Needed 

Although the  methods used i n  o u r  tests gave r e s u l t s  t h a t  were comparable and 
r e p r o d u c i b l e ,  i t  is  f e l t  t h a t  d i g e s t i o n  would have been more complete and h igher  
y i e l d s  of  methane could have been obtained i f  changes i n  tes t  o p e r a t i o n  were made 
t o  more n e a r l y  s i m u l a t e  convent iona l  sewage t rea tment  p r a c t i c e .  For  example, con- 
t inuous  c i r c u l a t i o n  o f  t h e  s o l i d - l i q u i d  mixture  would provide  b e t t e r  c o n t a c t  
between t h e  methane-producing organisms and m a t e r i a l s  on which they  feed .  
would a l s o  provide more c o n s i s t e n t  temperature  c o n t r o l .  L ikewise ,  p e r i o d i c  feed 
o f  waste m a t e r i a l  and wi thdrawal  o f  d i g e s t e d  s o l i d s  would a i d  d i g e s t i o n  by provid-  
i n g  t h e  proper  ba lance  between organisms and food material. 

This 

One o f  t h e  drawbacks o f  t h i s  system i s  t h e  length  of time r e q u i r e d  to  o b t a i n  
complete d i g e s t i o n .  As shown by t h e  d a t a  i n  t a b l e s  I and 11, d i g e s t i o n  times o f  
300 t o  900 hours may be r e q u i r e d .  
minimum d e t e n t i o n  time i s  u s u a l l y  requi red  f o r  provid ing  wel l -d iges ted  s ludge .  
Any methods o f  reducing  t h e s e  long d i g e s t i o n  times would add g r e a t l y  t o  t h e  a t t r a c -  
t i v e n e s s  o f  t h e  p r o c e s s .  

Combined Sewage-Garbage Treatment  

In  today ' s  sewage t r e a t m e n t  p r a c t i c e ,  a 1-month 

To o p e r a t e  a combined sewage-garbage t rea tment  p l a n t ,  t i n  cans ,  g l a s s ,  and un- 
d i g e s t a b l e  s o l i d s  would have t o  be removed from t h e  garbage.  The d i g e s t a b l e  gar -  
bage should then be shredded  o r  o therwise  comminuted before  a d d i t i o n  t o  t h e  sewage 
system. The i d e a l  l o c a t i o n  f o r  a d d i t i o n  o f  the  comminuted garbage would be a t  t h e  
sewage t rea tment  p l a n t .  However, i t  could j u s t  as e a s i l y  b e  added anywhere a l o n g  
t h e  sewage c o l l e c t i o n  system,.  and t h e  sewers would t r a n s p o r t  i t  to  the  t reatment  
p l a n t .  In  l a r g e  c i t i e s  t h e r e  could  be numerous garbage c o l l e c t i o n  c e n t e r s  s t r a t e -  
g i c a l l y  loca ted  t o  r e d u c e  haulage  c o s t s .  A d i sadvantage  of t h i s  type of  system 
could be t h a t  t h e  a d d i t i o n a l  water added t o  t h e  garbage t o  render  it t r a n s p o r t a b l e  
might tend t o  overload t h e  t rea tment  p l a n t .  Wherever t h e  garbage o r  waste is added 
i n  t h e  system, when i t  gets t o  t h e  t rea tment  p l a n t  i t  would undergo convent ional  
t rea tment .  

The b l o c k  diagram o f  f i g u r e  2 i s  an i l l u s t r a t i o n  o f  a n  a c t i v a t e d  s ludge  p l a n t .  
The s o l i d s  removed by t h e  pr imary sed imenta t ion  s t e p  ( g e n e r a l l y  about  50% of t h e  
to ta l  s o l i d s )  are pumped t o  the  anaerobic  d i g e s t e r s ,  which are maintained a t  about 
95' t o  100' F. I n  f i g u r e  2 ,  t h e  garbage i s  shown as  b e i n g  added b e f o r e  the  i n l e t  
t o  t h e  t rea tment  p l a n t ;  it could  a l s o  be added t o  t h e  raw s ludge  from t h e  primary 
sed imenta t ion  s t e p ,  t h u s  s u b j e c t i n g  a l l  t h e  garbage t o  anaerobic  d i g e s t i o n  r a t h e r  
than o n l y  50% of t h e  garbage s o l i d s .  Pumps provide r e c i r c u l a t i o n  of t h e  d i g e s t e r  
c o n t e n t s .  A s  t h e  s o l i d s  become d i g e s t e d ,  they s e t t l e  to t h e  bottoms o f  t h e  d i g e s -  
t i o n  t a n k s .  The s u p e r n a t a n t  l i q u o r ,  which inc ludes  excess  water  and n o n s e t t l i n g  
s o l i d s ,  i s  drained t o  the secondary  t rea tment  system where i t  undergoes a e r o b i c  
d i g e s t i o n ,  f i n a l  c l a r i f i c a t i o n ,  and c h l o r i n e  t rea tment  before  being r e l e a s e d  t o  
t h e  r e c e i v i n g  s t ream. 

Digested s o l i d s  from t h e  d i g e s t i o n  tank bottoms a r e  dra ined  t o  sand-drying beds 
o r  vacuum-f i l te r  p r e s s e s  f o r  dry ing .  The dry  d i g e s t e d  s o l i d s ,  which have been 
reduced i n  mass a t  least  SO%, are  u s e f u l  as low-grade f e r t i l i z e r s  and s o i l  condi-  
t i o n e r s .  A s  p r a c t i c a l l y  s ter i le  d iges ted  s o l i d s ,  they  a r e  much more acceptab le  
a e s t h e t i c a l l y  and much less o f f e n s i v e  than  the  o r i g i n a l  raw garbage.  
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The gaseous products  o f  d i g e s t i o n  c o n s i s t  e s s e n t i a l l y  of  methane (about  65%) and 
carbon d ioxide  (about 35%). 
gases  t h a t  they  g e n e r a t e  i n  t h e i r  d i g e s t e r s  t o  o p e r a t e  internal-combust ion e n  

t r e a t i n g  about 2 m i l l i o n  g a l l o n s  p e r  day, produced 606,300 f t 3  o f  methane d u r i n g  a 
r e c e n t  l-month per iod .  This  amount of  methane vas produced from abou 80 tons  of  
s o l i d s  conta ined  i n  t h e  r a w  s ludge  pumped to t h e  d i g e s t e r s ,  or 3.8 f t  p f  methane 
was produced/ lb  of sewage solids. 

Many sewage t rea tment  p l a n t s  today u t i l i z e  t h e  650-Btu 

t o  dr ive  b lowers ,  pumps, and o t h e r  p l a n t  a u x i l i a r y  equipment. One such p l a n t  Pes 
5 

I f  a11 the  s o l i d  waste d i s c a r d s  t h a t  are collected annual ly  i n  t h i s  count ry  by 
c o l l e c t i o n  agencies  (200 m i l l i o n  tons)  were s u b j e c t e d  t o  t rea tment  by anaerobic  
d i g e s t i o n ,  p o t e n t i a l l y  some 1.2 t r i l l i o n  f t 3  of methane would be  produced based on 
y i e l d s  obta ined  i n  our  batch t e s t s .  Likewise,  i f  a l l  t h e  animal  wastes (manure-- 
2 b i l l i o n  t o n s )  were a l s o  t o  receive t h i s  t rea tment ,  a n  a d d i t i o n a l  4.4 t r i l l i o n  f t 3  
of  methane could be prodpced annual ly .  These amounts t o g e t h e r  are a b o u t  one-fourth 
t h e  annual  U.S. consumption of  n a t u r a l  gas  (9. 
t i a l  source would amount t o  m i l l i o n s  of  d o l l a r s ,  and t h i s  is a renewable energy 
source  t h a t  is today being wasted. 

Conclusions 

The value o f  gas  from t h i s  poten- 

The urban and a g r i c u l t u r a l  s o l i d  wastes being genera ted  i n  t h e  United S t a t e s  
a r e  a p o t e n t i a l  source  of more than  5 t r i l l i o n  f t 3  of methane p e r  year--about 
one-fourth our  annual  consumption. 
by t h e  process  of  anaerobic  d i g e s t i o n ,  the  same process  u t i l i z e d  i n  t h e  opera t ion  
o f  household s e p t i c  tanks .  The d i g e s t i o n  process  would not  r e q u i r e  e x o t i c  o r  
expensive equipment s i n c e  it would t a k e  p lace  a t  95' t o  looo P and a t  atmospheric  
pressure .  
30% t o  35% carbon d i o x i d e ,  a s o l i d  product  remains (reduced more than  50% i n  ma68 

from t h e  o r i g i n a l  waste)  t h a t  is u s e f u l  as a f e r t i l i z e r  o r  s o i l  c o n d i t i o n e r .  One 
o f  t h e  b igges t  advantages of t h i s  scheme is t h a t  waste materials are a renewable 
energy source  t h a t  vi11 n o t  d iminish  l i k e  our  f o s s i l  f u e l s  bu t  w i l l  cont inue  t o  
i n c r e a s e .  

Methane could be produced from t h e s e  wastes  

In  a d d i t i o n  t o  a gaseous product c o n s i s t i n g  o f  65% t o  70% methane and 
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Table I .  Gas' Production by Anaerobic Digest ion of 
Garbage and Sewage Sludge 

Diges t ion  Gas produced, m l  Gas a n a l y s i s ,  % 
time, hr T& C& C& Cop 

SG-55 24  945 473 50.0 3 9 . 1  10.9 
2 l i t e r s  d i g e s t e r  72 1690 974 67.2 2 3 . 6  9.2 

2495 1570 7 4 . 0  19.7 6 . 3  
2735 1748 - - - -  ---- ---- sewage sludge { 264 

336 

SG-56 2 4  2080 1310 63.0 3 5 . 1  1 .9  
2 l i t e r s  d i g e s t e r  72 4375 3017 74 .4  2 4 . 6  1.6 

sewage s ludge + 6230 3724 82.7 1 6 . 9  0 . 4  

essed garbage 
25 grams proc- \ E: 6620 4048 ---- ---- --- 

Methane produced by sludge-garbage mixture (SG-56) 4048 m l  
- 1748 m l  

Methane produced from garbage: 2300 m l  

230G m l  C& = 1.50 f t 3  C&/lb garbage 
25 8 garbage 

Minus methane produced by sludge (SG-55) - 

A 
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Table 11. Gas Production by Anaerobic Digestion of Bovine 
Waste, Grass Clippings, and Sewage Sludge 

Digestion Gas produced, m l  Gas analysis,  56 
time, hr a C A  CQr 

SG-60 82 1175 227 19.3 14.8 65.9 
2 liters d i g e s t e r  286 1425 336 43.5 13.8 42.7 

1625 422 ---- ---_ ---- sewage sludge { 310 
Gas product ion 

ceased 

SG-61 46 1930 867 44.9 34.2 20.9 
2 liters digester 82 2870 1480 64.2 27.0 8.8 

s e w a g e  sludge + { 160 4035 2248 65.9 27.4 6.7 
100 g cw manure 286 5095 2966 67.7 27.C 5.3 

502 7475 4592 68.3 28.1 1.7 
9 57 10700 6949 73.1 25.2 1.7 

6949 m l  C& = 1.11 f t 3  C&/lb manure 
100 g manure 

SG-62 82 1395 239 17.1 29.6 53.3 
2 liters digester 160 3220 1093 46.8 37.1 16.1 

sewage sludge + 4605 2072 70.7 25.3 4.0 
5550 2778 74.7 23.3 2.0 
8940 5409 77.6 22.4 0 grass clippings 502 

9 57 12190 7905 76.8 19.4 3.8 

100 g dried 1 
7483 ml Ca, = 
100 g grass . 

1.20 f t 3  CB+/lb grass clippings 

\ 
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Table 111. - Methane Yields from Waste Materials and, Coals 
by Anaerobic Digestion 

i Dry Duration Gas production, Ft3 methane 
! Test u t ,  of t e s t ,  m l  produced/lb - No. Materia 1 & hr Totall /  Methane waste inaterial 

SG-19 LVB coal minus 
325 mesh .... 100 1330 7600 6460 1.04 

SG-20 HVAB coal minus 
325 mesh .... 100 1330 4015 2770 0 .44 

SG-38 Garbage char... 100 840 9850 . 8195 1.31 

SG-41 Fresh garbage.. 50 360 8980 4215 1.35 

SG-43 Processed 
garbage ...... 50 864 18735 12571 4.03 

SG-44 Processed 
garbage ...... 25 864 7895 5282 3.39 

paper towels 25 816 865 692 0.44 
56-47 Shredded brown 

.SG-49 Shredded nevs- 
papers...... 25 734 1500{ Gas not 0.67g1 

0.3411 analyzed 
SG-50 Wood exce ls ior  25 734 7701 

SG-58 Cow manure.. . .. 100 234 7800 4402 0.71 

- 11 Deduction from total production has been made fo r  gas produced by 
control. - 21 Estimated. 

I 
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Figure 2 .  Flow Diagram o f  Garbage-Sewage Treatment Process. 
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Processes which convert  water i n t o  hydrogen and oxygen are of i n t e r e s t  
f o r  many reasons, including the  many advantages accruing t o  the  t r a n s -  
po r t  of energy a s  hydrogen. Hydrogen may be used a s  a source of ther- 
m a l  o r  e l e c t r i c a l  energy, depending on whether it is  burned or used i n  
an electrochemical device such as a f u e l  cell .  

Hydrogen is  a l so  a key raw material i n  the  chemical process indus t r ies  
and i n  petroleum ref ining.  I t  i s  estimated t h a t  by 1975 the  t o t a l  
consumption of hydrogen i n  the U . S .  w i l l  be a t  the  r a t e  of four  tril- 
l i on  cubic f e e t  per year and growing. Gaseous and l i qu id  hydrocarbons 
are now the  pr inc ipa l  r a w  mater ia ls  f o r  producing large quan t i t i e s  of 
hydrogen by means of e i t h e r  c a t a l y t i c  steam reforming or p a r t i a l  oxi- 
dation. 
a r t i f i c i a l  na tura l  gas,  w i l l  increase the  demand for hydrogen even 
more. I t  would c l ea r ly  be i n  the  i n t e r e s t  of conservation of na tura l  
resources t o  develop an economical process t o  produce hydrogen from 
w a t e r .  

A comprehensive study of thermal processes t o  produce hydrogen from 
water was performed and reported by General Motors ( 1 , 2 ) .  A th ree  
s t ep  process involving e i t h e r  tantalum chlor ide o r  bismuth chlor ide 
and a four s t e p  process using e i t h e r  mercury chlor ide or vanadium 
chlor ide w e r e  described. A general  discussion of energy requirements 
f o r  the  decomposition of water was published by Funk and Reinstrom ( 3 )  
and, more recent ly ,  a four  s t e p  thermal process w a s  described by 
deBeni and Marchetti ( 4 ) .  A review of the  cur ren t  s t a t u s  of e lectro-  
l y t i c  hydrogen as a f u e l  has been published by Gregory, e t . a l .  ( 5 ) .  

The pressure f o r  inexpensive and p l e n t i f u l  pipel ine gas ,  

\ 
Second Law Limitations 

I f  one gram mole of water of l iqu id  water a t  25OC and 1 atm i s  conver- 
ted i n t o  one gram mole of hydrogen and one half  gram mole of oxygen a t  

' 25OC and 1 atm the  gibbs function f o r  t he  system increases  by 56.7 
kca l ,  the  enthalpy increases by 68.3 kcal  and the entropy increases  by 

1 39 cal/OK. I f  the  decomposition i s  done revers ib ly  a t  25OC and1  atm-- 
4 say i n  an e l ec t ro lys i s  cell--56.7 kca l ,  t he  change i n  the  gibbs func- 

t i on ,  must be supplied as usefu l  work and 11.6 kcal,  the d i f fe rence  
1 between the enthalpy change and gibbs funct ion change, must be sup- 

p l ied  as heat.  

The amount of useful work required may be decreased by operat ing the 
s ing le  s t ep  decomposition a t  some higher temperature. The amount of 
energy required as heat  w i l l  increase by the  same amount t h a t  the work 
required is decreased under t h e  bes t  case assumptions of equal speci- 
f i c  heats  and per fec t  thermal regeneration of products and reac tan ts .  

\\ 

t 
If the process is  depicted on a temperature entropy diagram, the  work 
reduction i s  equal t o  the  area enclosed when the process loop is  
closed by allowing the  cooler hydrogen and oxygen to form water \, 

I 

I 



revers ib ly ,  say i n  a f u e l  cel l .  From t h i s  viewpoint the  process i s  a 
hea t  engine and i s ,  therefore ,  l imi ted  i n  e f f ic iency  t o  the  "Carnot" 
e f f ic iency .  This second law l imi t a t ion  has been discussed i n  more 
d e t a i l  elsewhere ( 1 , 2 , 3 ) .  

It i s  des i reable ,  of course, t o  reduce the  amount of usefu l  work re- 
quired t o  decompose water s ince  such work must be produced from hea t  
i n  an engine of some sort. A f igu re  of m e r i t ,  q,may be defined such 
t h a t  

q =  bH, 
Qt 

(1) 

where AHo = 68.3 kcal  

. Qt = t o t a l  amount of hea t  required by process which accepts 1 
gram mole of l iqu id  water a t  25OC and 1 atm and de l ive r s  1 
gram mole of hydrogen and 1 / 2  gram mole of oxygen a t  25OC 
and 1 atm. 

Limitations on 17 r e su l t i ng  from the  f i r s t  and second lawsof thermody- 
namics have already been derived and discussed ( 3 ) .  

The quant i ty  Qt comprises two t e r m s ,  

Q t =  ( + ) + Q  
where W = energy a s  usefu l  work required 

5 = ef f ic iency  of converting hea t  t o  work 
Q = thermal energy required 

A 1 0 0 %  e f f i c i e n t  e l ec t ro lyze r  operating with a power p l an t  w i t h  a 5 of 
30% would y i e l d  a value f o r  17 of 34%. I f  the  e lec t ro lyzer  had a vol- 
tage -eff ic iency of 60% q would drop t o  2 2 % .  

Multi-Step Processes 

I f  one supposes t h a t  w a t e r  is  t o  be decomposed by heating it and sepa- 
r a t ing  the  components (i.e.,a s ing le  s t e p  process) the r a t e  of reduc- 
t i o n  of the change i n  gibbs funct ion with temperature i s  approximately 
equal t o  the reac t ion  entropy change. As w i l l  be shown la te r ,  the  
theo re t i ca l  work of separa t ion  is  equal t o  o r  g rea t e r  than the  change 
i n  the gibbs function. 

For a s ingle  s t e p  process the  work requirement simply does not  decrease 
f a s t  enough as the  temperature is  increased because the  entropy change 
f o r  t he  reac t ion  i s  more o r  less constant  and not large.  
s t e p  process the  reac t ion  entropy change i s  not f ixed  and may vary 
according to the reac t ion .  

In  a multi- 

Consider t h e  i t h  reac t ion  i n  a multi-step process. The work and heat  
requirements a r e  

w ( i )  = w o ( i )  - A s ( i )  [ T ( i )  - To] ( 3 )  

q ( i )  = q o ( i )  + A s ( i )  [ T ( i )  - To] ( 4 )  

I t  h a s  been assumed t h a t  A s ( i ) ,  t he  reac t ion  entropy change, i s  inde- 
pendent of temperature. The subscr ip t  zero r e f e r s  t o  conditions a t t h e  
reference temperature, To, (assumed to be 25OC). 

I 

I 

IJ 
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The total work and heat requirements 
(4) over the I reactions to obtain 

I 

1 

J 

’\ 

i=I , 
P 

w = AG, - L  AS(^) 
i=l 

are obtained’by summing (3) and 

[T(i) - To] ( 5 )  

Another important feature becomes apparent if the process is divided 
into J reactions which have positive entropy changes and L reactions 
which have negative entropy changes. To minimize the required work, 
the first group of reactions should be operated at some high tempera- 
ture, TH, and the second group operated at To. In this case, 

j=1 
As is evident from Eqn. (-71, the required 

- To] 

work is zero when 

There is no reason why (8 )  cannot be satisfied along with 

( 7 )  

i=I i=J l=L 

This result cannot be obtained for a single step process, in which 
case the zero work requirement must be accomplished by a temperature 
manipulation rather than the selection of a suitable sequence of 
reactions. 

Work of Separation 

The theoretical work of separation, AGs, required to separate a mix- 
ture of ideal gases into its components is given by 

AGs = - R T . ~  nk In Xk (10) , 

is the number of moles of the kth component and xk is the 
where mole fr % ction of that camponent. 
Fig. 1 shows a reaction process which accomplishes the reaction 
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The amount of material en ter ing  t h e  separa tor  depends on E, the  f rac-  
t i o n a l  molar conversion of R1, which i n  tu rn  depends on the  standard 
f r e e  energy change f o r  t h e  reaction, AGR. 
the  standard f r e e  energy change f o r  a reac t ing  mixture of i dea l  gases 
with Eqn. (10) y i e lds  

Combining t h e  de f in i t i on  of 

A G ~  = A G ~ -  R T [ ~  l-1 I n  s1 + r2 In  s2 + --- - ( C p - C r )  In  p*] (12) 

where 

and p* i s  the operating pressure 

4x1 .  (12) shows t h a t  t h e  t h e o r e t i c a l  work of separat ion is grea te r  
than standard f r e e  energy change f o r  t h e  react ion.  I 

An example of the  t h e o r e t i c a l  work of separat ion f o r  the  vanadium 
chlor ide process i s  shown i n  Figs. 2 and 3. Fig. 2 is a schematic of 
the  first s tage  i n  which the re  is a gas phase reac t ion  of chlor ine 
with w a t e r  a t  1000°K a t  1 atm. Pig. 3 shows the  theo re t i ca l  work  of 
separat ion and it may be  noted t h a t  t he  separat ion work i s  increased 
i f  the mixture leaves the reac t ion  chamber a t  less than equilibrium 
conditions.  Fig. 3 is f o r  t he  separat ion of a l l  four  components and 
the  minimum work requirement is 9.2 kca l  per gram mole of hydrogen 
produced. A similar ca l cu la t ion  f o r  t h e  separat ion of only t h e  HC1 
and O2 y i e lds  a work requirement of 7.1 kcal. 

1 

i 
The Vanadium Chloride Process 

I 

This process w a s  s tudied i n  considerable d e t a i l .  A p l an t  layout was / 

r 

The e n t i r e  vanadium chlor ide  process i s  shown i n  Fig. 4. The sums of 
the enthalpy, entropy, and f r e e  energy changes &o not  exact ly  equal 
those f o r  w a t e r  composition because of questionable thermochemical-data. 

made assuming a helium cooled nuclear r eac to r  a s  t he  hea t  source. 
Estimates w e r e  made f o r  pumping, hea t  regeneration, etc. The r e s u l t s  
are shown i n  Table 1 and, as can be seen, t h i s  process i s  not as 
e f f i c i e n t  as a w a t e r  e l e c t r o l y s i s  plant .  

The objec t  here i s  not to descr ibe an i n e f f i c i e n t  process - any number 
of such processes can be e a s i l y  devised. It is, rather, an attempt t o  

quickly lose  t h e i r  appeal when subjected t o  sanewhat more p rac t i ca l  
considerations of work of separat ion,  thermal regeneration, pumping 
F e r ,  etc. Such a r e s u l t  is not espec ia l ly  surpr i s ing  i n  v i e w  of t he  
oblect ive,  which, i n  i t s  most fundamental t e r m s ,  is an attempt t o  con- 
v e r t  hea t  t o  useful  work more e f f i c i e n t l y  than i n  a state of t h e  art  
power plant .  
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A HYDROGEN-ENERGY SYSTEM 

D. P. Gregory 

Institute of Gas Technology 
3424 South State Street 

Chicago, Illinois 6061 6 

INTRODUCTION 

For  some years now, interest  has been growing in the use of hydrogen as 

universally useful fuel and chemical raw material. 
a universal fuel - hydrogen that is  produced from unlimited seawater by nuclear 
energy to provide a clean, 
Early interest in the concept dates back before the availability of nuclear 
power and was stimulated by the fact that hydrogen could be manufactured 
by the electrolysis of water using off-peak electricity. Rudolf Er ren ,6  work- 
ing in Germany and later in England in the early 1930's, foresaw the need to 
utilize off-peak power to reduce oil imports into Britain and to reduce pollu- 
tion from vehicle emissions. 
outlined the use of hydrogen a s  a fuel for automobiles and steam locomotives. 

concept a r e  Weinberg, * 6  Steinberg, 
Laboratory, who considered hydrogen a s  an essential part  of the nuclear- 
agricultural complex concept; Winsche e t  al." of Brookhaven, who looked at 
hydrogen a s  an urban fuel; Murray and Schoeppe19 a t  Oklahoma State University, 
who stimulated work on the use of hydrogen a s  an internal combustion engine 
fuel; Bacon' a t  Cambridge, England, who saw in the reversible hydrogen fuel 
cell  a simple way of storing off-peak electricity; Rosenber2' a t  the Institute 
of Gas Technology, who saw the uniquely favorable qualities of hydrogen a s  a 
fuel for domestic appliances; and Marchetti4 at Euratom, Italy, who realized 
the inherent inefficiencies of producing hydrogen from nuclear energy via an 
electrolytic process. These a r e  but few of the many who have proposed or  
studied various aspects of what we shall call "The Hydrogen Economy. 'I 
reasons why an overview of the whole concept of hydrogen as a fuel should be 
made a re  even more pressing. 

In 1933, he published a paper in which he 

Among others who have since given their attention to the hydrogen fuel 
and others a t  Brookhaven National 

Today 

ENERGY SUPPLY 

The economy of the civilized world today is  geared to the use of energy. 
Many studies show that the usual measure of prosperity, the gross national 
product per  capita, has grown in almost every country of the world at a rate 
directly related to the growth rate  of the per-capita use of energy. Almost 
a l l  of this energy comes f rom combustion of fossil fuels, fuels which, although 
they have taken millions of years to form, a re  being consumed in a few 
hundred. The signs are already here that we a re  approaching the end of our 
fossi l  fuel supply: In the U.S., we are  now consuming natural gas at  a rate 
fas ter  than the rate a t  which new reserves a r e  being discovered. 
importing an ever-increasing portion of its oil requirements, anu the cost of 
coal is rising rapidly a s  we bite into less  readily worked deposits. 

The U.S. i s  

Elliott5 has shown that patterns of producibility of the fossil fuel resources 
of the U.S. and Canada can be used to predict that the maximum rate of pro- 
duction of fossil fuels will occur early in the next century. After that time, 
the amount of available fossil  fuel energy will fall year by year, although our 
overall energy demands a r e  expected to continue to rise.  It i s  therefore vital 
to develop nuclear or  solar energy sources. 

I 

I 

I 

,i 
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NUCLEAR ELECTRIC POWER 

The development of nuclear power stations has been described by the Federal 
Power Commission a s  a "race for our lives" to meet our energy needs. Let 
us hope that we win the race, but let  us  also observe that almost the whole re- 
search and development effort in nuclear energy today is directed toward the 
conversion of nuclear energy to electrical energy. 
also be made about the relatively smaller efforts going on ,to harness solar 
energy and geothermal energy: 

This same observation can 

The goal is to produce electricity. 

Electrical energy is a convenient, clean, and universal energy source in 

First, it cannot be 
its end use, but it suffers from a number of technical disadvantages that pre- 
vent it from having already become the universal "fuel." 
stored without conversion to another form. 
expensive and heavy, and sites for pumped storage systems a r e  limited. This 
limitation requires that the generation rate match, almost exactly, the consump- 
tion rate, responding instantaneously to fluctuations in demand. The result is 
an expensive and necessarily "overdesigned" supply system. Second, it is 
incredibly expensive to transmit electric power over long distances without the 
use of unsightly overhead cables and towers. Underground power lines of 
similar capacity to those more familiar overhead cross-country systems cost 
10-40 times as  much a s  overhead lines.I4 

Storage batteries a re  relatively 

NUCLEAR CHEMICAL POWER 

Since we use a very large proportion of our energy directly as  heat, per- 
haps it makes more sense to satisfy this portion of our needs by burning fuel 
directly rather than using the intermediate and inefficient conversion to elec- 
tricity. We should look, then, for a synthetic fuel that can be used to store 
and transport the energy produced by nuclear power stations. 

It is possible to conceive of a number of synthetic chemical fuels that 
could be produced from a nuclear heat source. The choice is severely lim- 
ited, however, if we consider the use of the atmosphere as  a car r ie r  to re- 
turn the "spent" fuel to the synthesis station. 
any synthetic high-energy chemical that produces a noxious o r  voluminous 
combustion or oxidation product, and, except for specific applications, we cannot 
afford to collect and transport the spent fuel back to its point of origin. 

We certainly cannot consider 

To obtain compatibility with the atmosphere, therefore, we must limit the 
combustion products to water, nitrogen, and carbon dioxide, from which the 
fuel itself must also be synthesized. Although alcohols, hydrazine, and am- 
monia fall into this category, their combustion raises the possibility of pro- 
duction of noxious carbon or nitrogen compounds, including carbon monoxide 
and the oxides of nitrogen. Hydrogen has the unique combination of being 
readily synthesized from water, 
temperature combustion on a catalytic burner, and, in doing SO, forming a 
co-mpletely clean combustion product - water. 

being readily auto-ignited and undergoing low- 

HYDROGEN FUEL 

Two major criticisms can be leveled at  the use of hydrogen as a fuel: 
1) It is too expensive to produce, 
is costly because it requires heavy compressed-gas cylinders. Neither of 
these criticisms is valid if  an imaginative approach is taken to the problem 
Very large electrolysis plants running off the entire output of a large nuclear 
power station a re  technically feasible. Since we are  accustomed to moving 
huge quantities of natural gas across the country in pipelines, the same ap- 
proach can be applied to hydrogen. We will show that even today, the concept 

and 2) its transportation to the point of use 



of making hydrogen on a large scale and delivering it to a nationwide transmis- 
sion and Gstribution system should be able to provide delivered energy more 
cheaply than the average selling price of electricity. 

Hydrogen Production 

Today, most of tbe enormous quantity of hydzogen produced in the United 
States - over 2500 billion cubic feet per year and growing fast  - comes from 
the reaction of natural gas with steam. Smaller quantities a re  made by elec- 
trolysis of water where cheap electricity is available, or where extreme 
reliability is  needed. These a r e  the key words of the future: Nuclear power 
will provide ''cheap electricity" - perhaps not cheaper than today, but cheap in 
comparison with the future cost of fossi l  fuel energy - and any energy supply 
system must be endowecj with "extreme reliability. ' I  Electrolysis therefore 
appears to be one logical choice of process. 
by Allis-Chalmers f o r  the Atomic Energy Commission3 and subsequent cost 
analyses published by Oak Ridge National Laboratory* are  the most reliable 
and recently published sources of predictions on the cost and availability of 
large-scale electrolyzers. These studies investigated two sizes of plants in- 
tended to produce hydrsgen for  ammonia production in an agricultural-nuclear 
complex. Table 1 gives the estimated costs of the larger of the plant sizes 
studied and other relevant details of the plant's characteristics. 

Studies carr ied out in  1965-66 

Table 1. INSTALLED COST O F  
ELECTROLYTIC H Y D R O ~ E N  PLANT" 

% of Total 

Mechanical Instrumentation, Procas sing, 5,413,000 14 .1  
Piping and Structures 

Electrical 21,018,000 56.0 

Electrolysis C e l l  Modules 11,109,000 29. , 6 

Total 37,540,000 100.0 

* 
Hydrogen production rate: 44,000 lb/hr, o r  7.8 million SCF/hr. 
Electrical input: approximately 1000 MW. 
Source: Reference 3. 

In calculating the hydrogen production cost, we have to  assign an operating 
efficiency for the electrolyzer, which leads in turn to an interesting observa- 
tion: When hydrogen i s  burned, the energy released is  equal to  the whole of 
the combustion energy, or enthalpy change. However, only a portion of this, 
the f ree  energy, i s  interchangeable with electricity, either in a fuel cell or its 
reverse, the e,lectrolysis cell. The remainder, the entropy change, must be 
supplied or released a s  heat. 
energy change as electricity and requires the input of a further 20% of heat 
energy to maintain an overall balance. 
cell would absorb heat, and the heating value of the hydrogen produced would 
be 120% of the electrical energy put in. 

reasonable a) to aim a t  a figure close to 100% in electrical efficiency as  a 
target and b) to suppose that this could be achieved if considerable research 
and development is applied to electrolyzer technology in the next 2 or  3 decades. 
In fact, some of the Allis-Chalmers published data on i t s  laboratory cells in- 
dicate that they were operated at  electrical efficiencies exceeding 100% at 
elevated temperature and p res  sur  e. 

An ideal electrolyzer cell absorbs the free 

In other words, a perfect electrolysis 

Although modern electrolyzer cells a re  only about 60% efficient, it seems 
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1 
Because of uncertainty over future electricity generating costs, we choose 

to subtract the electric power costs from a l l  the other costs of building and 
operating the electrolyzer. 
of electricity to hydrogen, wbich is a useful figure independent of power costs. 
As far as  cost is concerned, we make two observations. One is that the cost 
of the whole electrolyzer plant i s  about $35/kW inpuk which is  small - almost 
insignificant - in comparison with today's estimates of $400/kW or more for 1980 
nuclear power plants. 
the power station as hydrogen rather than a s  electricity is likely to be about 
$0.29-$0.57/million Btu - the higher figure being based on a 70% and the 
lower figure on a 100% electrical efficiency. 

This gives us an incremental cost for the conversion I 
\ 
i 

n e  other is that the extra cost of producing energy at 

! 
[ Hydrogen Transmission 

1 
1 

(, 

Over 86% of the households in the U.S. a re  at present supplied with nat- 
ural gas f u e l  
transcontinental journey from a well in Texas or Louisiana, and after a tem- 
porary sojourn through the snnuner months of light demand in a natural under- 
ground storage system in another part of the country. 
has an efficient and highly developed network of transmission pipelines, storage 
systems, and distribution pipes which are  capable of moving energy around 
the country in enormous quantities a t  relatively low cost. But because the 
system i s  buried underground, most of us a re  unaware of its existence, or 
we simply take it for granted. In contrast, complaints about the obvious 
growth of the aboveground electricity network have presented the electricity 
industry with an incredibly difficult problem, both in public relations and in 
the sheer economics of burying the cables. 

pressure; however, many shorter pipelines a r e  in use in industry" to carry 
bulk hydrogen from the production plant to the consumer. 
exists, but the need for long-distance applications has not yet arisen. 

This ubiquitous natural gas may arrive in  our homes after a 

This country already 

Nobody has yet constructed a 1000-mile pipeline to car ry  hydrogen at high 

\ The technology 

Because of hydrogen's lower heating value (325 Btu/SCF compared to 1OOOt 
Btu/SCF for natural gas), it might appear to require significantly larger pipe- 
lines to carry the same amount of energy. 
move about 3 times the volume of gas, the lower specific gravity of hydrogen 
produces a nearly compensating increase of 2.5 t i m e s  the flow capacity of a 
given pipeline." The greater volume of gas to be handled results in an in- 
crease of 3 times the pumping power needed for transmission. Experience 
in moving large volumes of hydrogen within chemical plants and refineries 
makes it appear that we can use pipelines of similar size and materials to 
those used for natural gas. The combination of these factors suggests that an 
increased capital and operating cost of about 60% w i l l  result f rom the long- 
distance transmission of hydrogen rather than natural gas, based on equivalent 
amounts of energy. Because the safety precautions in a hydrogen distribution 
system w i l l  be more demanding, we will assume a 100% increase in capital 
and operating costs for a local hydrogen distribution system, 

However, although we have to  

i 
( 
4 

(, 
it 

i 

I Hydrogen Cost 
\ >  
I Using statistical data published by the American Gas Association' and the 

Federal Power Commi~s ion , '~  it i s  possible to break down the average selling 
prices of gas and electricity into their production, transmission, and distribu- 
tion components. Using the average production price of electric power, the 
cost of electrolysis referred to earlier, and the assumptions previously out- 
lined for the increased cost of transmitting and distributing hydrogeqwe arrive 
a t  the figures shown in Table 2, based on the latest available (1969) statis- 
tical idomnation. 

\ 

,, 



Table 2. RELATIVE PRICES O F  DELIVERED ENERGY 

Production 
Transmission 

Distribution 

Electricity Natural Gas Hydrogen 

$/million Btu 

2.52" 0. 16 2. 81-3. 09" 
0. 62 0. 18 0.22 

1. 61 - 0. 27 0. 34 - 
Total (average selling price) 4. 75 0. 61 3. 37-3. 65 

* 
Power purchased at 8 . 6  mills/kWhr. 

Table 2 illustrates clearly the already recognized facts that transmission 
and distribution of energy in underground natural gas pipelines cost only 
about 20% as  much as transmission and distribution of electrical energy 
(largely by overhead lines) and that purchase of delivered energy as natural 
gas is nearly 8 times cheaper than electricity. What is also apparent from 
these figures i s  that if we could build and operate an Allis-Chalmers electro- 
lyzer today at the predicted costs, we should be able to deliver hydrogen 
energy to the average u s e r  more cheaply than electrical energy. 

As time progresses, we expect the costs of natural gas and electricity to 
rise,  but at different rates. Nuclear electricity costs a r e  predicted to rise 
only slowly because the breeder reactor will provide energy with very little 
limitation in the fuel supply. In contrast, a l l  fossil  f u e l  prices, including 
natural gas, will r i s e  more  rapidly because the resources are  being depleted, 
and future production becomes correspondingly more expensive. Ultimately, 
the cost of natural gas will exceed that for hydrogen. At that point, the 
"hydrogen economy" will  be truly justified economically. 
conservation of fossil  fuel supplies and of a clean environment could accelerate 
the justification of a hydrogen system. 

Before that time, 

CONCLUSIONS 

I 

, 
This paper has not dealt with the opportunities and the problems that would 

be raised by the universal availability of hydrogen a s  a fuel. Some of these 
w i l l  be obvious, and others a re  dealt with elsewhere.' The sheer magnitude 
of a conversion operation would be so great as  to require years  of planning. 
The benefits of such a conversion would be immense to the gas industry, which 
would thus have an active role in  the "nuclear age"; t o  the electric industry, 
which would benefit f rom the improved load factors, 
and greater freedom in power station siting; to the waste disposal industry, 
which would find an abundance of by-product oxygen available at a very low 

panding uses for commodity hydrogen; and to the general population, which 
would benefit from the almost complete elimination of atmospheric pollution. 
Perhaps most important of all, 
any technical "roadblocks. ' I  Although the problems a r e  immense, they appear ,' 
to be straightforward technological problems which do not require the "tech- 
nological breakthrough" that appears to be the stumbling block of s o  many 
otherwise sound concepts. 

/ 
lower transmission costs, 

.price;  to the chemical and metallurgical industries, which would both find ex- 

such a change-over does not appear to present 
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F l u i d  Flow Aspects of Water E l e c t r o l y z e r s  
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I n  consider ing p o s s i b l e  processes  f o r  producing f u e l s  a s  a l t e r -  
n a t i v e s  t o  f o s s i l  f u e l s ,  t h e  Water E l e c t r o l y s i s  Process  i s  a f e a s i b l e  
one. For example, t h e  Water E l e c t r o l y s i s  Process i s  being considered 
on a l a r g e  s c a l e  i n  connection with I n d u s t r i a l  Complexes which can 
d e s a l t  water ,  produce power and o t h e r  products  such a s  hydrogen, oxy- 
gen, ammonia, ammonia n i t r a t e ,  and n i t r i c  a c i d  (1). The energy source 
could be a l a r g e  n u c l e a r  r e a c t o r  coupled t o  a l a r g e  e l e c t r o l y z e r  s y s -  
t e m .  

Water e l e c t r o l y s i s  i s  a process  i n  which hydrogen and oxygen 
gases  a r e  produced from water  by t h e  a p p l i c a t i o n  of e l e c t r i c  energy. 
Perhaps t h e  s imples t  method f o r  c o n t r o l l i n g  t h e  product ion of t h e s e  
gases  i s  t o  use an e l e c t r o l y z e r  c o n s i s t i n g  of  a number of e l e c t r o l y -  
s is  c e l l s ,  us ing a l i q u i d  water s o l u t i o n  as e l e c t r o l y t e ,  and connect- 
i n g  them h y d r a u l i c a l l y  i n  p a r a l l e l .  E l e c t r i c a l l y  t h e  cells  may be 
connected e i t h e r  i n  series o r  p a r a l l e l .  

an anode (on which oxygen i s  psoduced) , and t h e  e l e c t r o l y t e  which 
flows through t h e  ce l l .  The anode and cathode a r e  s e p a r a t e d  by a mem- 
brane which may be porous t o  l i q u i d  e l e c t r o l y t e  b u t  n o t  t o  t h e  gases 
being generated,  s o  t h a t  the gases  w i l l  n o t  mix. A cross s e c t i o n  of 
such a c e l l  i s  shown i n  F ig .  1. 

more b a s i c  engineer ing information concerning two-phase flow, e l ec -  
t r o l y t e s ,  e l e c t r o d e s ,  and c o n t r o l  than is  a v a i l a b l e  a t  p r e s e n t .  The 
purpose o f  t h i s  paper i s  t o  p resen t  an a n a l y t i c a l  b a s i s  developed by 
t h e  authors  f o r  i n v e s t i g a t i n g  t h e  two-phase flow occur r ing  i n  an 
e l e c t r o l y s i s  ce l l  along with a review of r e l a t e d  experimental  da t a .  

eous occurrence of coupled, non-l inear ,  t r a n s p o r t  of mass, momentum, 
energy,  and charge i n  t h e  presence of e l ec t rochemica l  r e a c t i o n s  i n  
t h e  e l e c t r o l y t e  and on the e l e c t r o d e s .  The p r e c i s e  d e f i n i t i o n  of 
t hese  processes  is  v i r t u a l l y  impossible and i n  t h i s  paper one dimen- 
s i o n a l  (or hydrau l i c )  equat ions w i l l  be used to  d e f i n e  t h e  flow i n  
an e l e c t r o l y s i s  c e l l  con f igu ra t ion  such a s  i s  shown i n  F ig .  1. 

c a n t  work on t h i s  problem. H e  assumed, however, t h a t  t h e r e  w a s  no 
membrane i n  t h e  c e l l ;  t h a t  t h e  i n l e t  v e l o c i t y  was zero; and t h a t  t h e  
gas v e l o c i t y  was independent of void f r a c t i o n .  
presented a more gene ra l  a n a l y s i s  of t h e  void f r a c t i o n  and c u r r e n t  
dens i ty  d i s t r i b u t i o n s  i n  an e l e c t r o l y s i s  c e l l  s u b j e c t  only t o  t h e  
assumption t h a t  t h e  gases  are incompressible .  Then l a t e r ,  Thorpe 
and Funk ( 4 )  p re sen ted  a t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n  
of  t h e  p re s su re  drop occur r ing  i n  an e l e c t r o l y s i s  ce l l .  There a re  
a l s o  s e v e r a l  papers on Electrochemical  Machining (5,6) i n  which an 
a l l i e d  problem i s  d i scussed .  

Each ce l l  i s  made up of  a cathode (on which hydrogen i s  produced),  

To develop a modern e l e c t r o l y z e r  technology w i l l  r e q u i r e  much 

The e l e c t r o l y s i s  process  i s  complicated because of  t h e  simultan- 

Tobias ( 2 )  seems t o  have been t h e  f i r s t  t o  c o n t r i b u t e  s i g n i f i -  

Funk and Thorpe ( 3 )  



TRANSPORT EQUATIONS 

The equat ions t o  be de r ived  w i l l  be based on t h e  assumption t h a t  

The e l e c t r o l y t e  f low i s  from t h e  bottom toward the top i n  a ce l l  

t h e  flows can be cons ide red  a s  one-dimensional, two-phase, flows. 
There w i l l  be, t hen ,  only one independent space v a r i a b l e  s .  

of width H and l e n g t h  L. The c e l l  c o n s i s t s  of two p a r a l l e l  channels 
s e p a r a t e d  by a membrane. Flow i n  t h e  hydrogen s i d e  c o n s i s t s  of a two- 
phase mixture o f  hydrogen gas and e l e c t r o l y t e  i n  a t h i n  r ec t angu la r  
channel (H by y2) formed between t h e  membrane and t h e  cathode. Flow 
i n  t h e  oxygen s i d e  i s  s i m i l a r  i n  a channel ( H  by y 1 ) .  The membrane i s  
assumed t o  be porous to  OH- i ons  and poss ib ly  t o  l i q u i d  e l e c t r o l y t e .  
Subsc r ip t  1 denotes  t h e  flow p r o p e r t i e s  on t h e  oxygen s i d e  while sub- 
s c r i p t  2 denotes similar p r o p e r t i e s  on t h e  hydrogen s i d e .  Various 
spec ie s  wi th in  a channel  a r e  i d e n t i f i e d  by t h e  s u b s c r i p t s  g f o r  gas ,  
v f o r  mixture of gas and vapor,  f f o r  l i q u i d  e l e c t r o l y t e ,  and h f o r  
t h e  hydroxyl i o n .  S ince  only an a l k a l i n e  e l e c t r o l y t e  is  considered, 
t h e  hydrogen i o n  i s  neg lec t ed .  

f u n c t i o n  of p o s i t i o n  s .  I f  t h e  c e l l  i s  v e r t i c a l  t h e  coordinate  s i s  
i d e n t i c a l  with v e r t i c a l  coordinate  z .  The c u r r e n t  f l u x  i generates  
hydrogen gas on t h e  cathode a t  t h e  l o c a l  mass f l u x  r a t e  m g 2 .  Water 
may evaporate i n t o  t h e  hydrogen gas bubbles so t h a t  i n s t e a d  o f  a dry 
g a s ,  a mixture of w a t e r  vapor and hydrogen gas w i l l  f low upward with 
average v e l o c i t y  Vv2 i n  some equ iva len t  a r ea  p ropor t iona l  t o  t h e  d i -  
mension yv2. 
t r o l y t e  l a y e r  near  t h e  cathode s u r f a c e  which is  c a l l e d  t h e  hydrogen 
bubble l a y e r  of t h i c k n e s s  6 2 .  

average v e l o c i t y  V f 2  i n  an equ iva len t  a r ea  p ropor t iona l  t o  y f 2  where 

The t r a n s v e r s e  c u r r e n t  d e n s i t y  ( c u r r e n t  f l u x )  i i n  t h e  cel l  i s  a 

The gas  bubbles ,  o r  v o i d s ,  a r e  contained w i t h i n  an e l ec -  

The l i q u i d  e l e c t r o l y t e  flow on t h e  hydrogen s i d e  occurs  with 

Y2 = Y V 2 + Y f 2 '  [ l l  

A s i m i l a r  flow c o n f i g u r a t i o n  e x i s t s  on t h e  oxygen side where oxy- 
gen gas i s  l i b e r a t e d  on t h e  anode a t  mass f l u x  r a t e  m g l .  Then 

Y 1  = Y V l + Y f l .  r21 

A hydroxyl i o n  f l u x  occurs  through t h e  membrane which has t h e  n e t  
e f f e c t  of t r a n s p o r t i n g  H 2 0  from the cathode s i d e  t o  t h e  anode s i d e  of 
t h e  cel l .  I n  a d d i t i o n  t o  t h e  i o n  f l u x ,  t h e  membrane may be porous t o  
l i q u i d  e l e c t r o l y t e .  These f luxes  through t h e  membrane are denoted by 

hydrogen o r  oxygen s i d e s  of t h e  cel l  s o  t h a t ,  i n  t h e  i n t e r e s t  of s i m -  
p l i f y i n g  t h e  n o t a t i o n ,  t h e  numerical s u b s c r i p t  w i l l  be omit ted.  

vapor , i s  de f ined  by t h e  equat ions 

mi-,, mf. 
The d e f i n i t i o n s  and d e r i v a t i o n s  which follow w i l l  apply t o  e i t h e r  

The vapor q u a l i t y  X,  c o n s i s t i n g  o f  t h e  mixture of  gas and water 

x = 5 ; ( 1 - X )  = F, 
W 

where 

[ 3 1  

[ 4 1  

[SI 
[61 



and p f  = . l i q u i d  d e n s i t y ,  p v  = vapor dens i ty ,  Af = H y f  i s  t h e  a rea  
occupied by l i q u i d ,  Av = HyV is  t h e  area occupied by vapor ,  Vf = ave r - .  
age l i q u i d  v e l o c i t y ,  Vv = average vapor ve loc i ty .  

and t h e  l i q u i d  holdup (1-a) are def ined  by 
The vapor volume f r a c t i o n  a, sometimes c a l l e d  the void f r a c t i o n ,  

where 

A = Av+Af = Hy. 81 

If  equat ions  [3] t o  [ 7 ]  are combined, t h e  fol lowing important  
equat ion  i s  obta ined  

1- 1-x P V  
x Pf 

-2 = u(-) (4, 

where o i s  t h e  s l i p  r a t i o  ( a l s o  c a l l e d  t h e  phase v e l o c i t y  r a t i o )  
def ined  by 

V c = 1. 
v f 

191 

I n  gene ra l  t he  s l i p  r a t i o  depends on pressure  p ,  void f r a c t i o n  3 ,  mass 
flow rate W, channel area A ,  dens i ty  r a t i o  pv/r . f  and channel o r i en ta -  
t i o n .  

Most of t h e  engineer ing  q u a n t i t i e s  of i n t e r e s t  i n  an e lec t ro l .ys i s  
cell ,  such as e l e c t r o l y t e  ohmic r e s i s t a n c e  o r  p re s su re  drop, are func- 
t i o n s  of  t h e  void f r a c t i o n  a ;  the void f r a c t i o n ,  i n  t u r n ,  depends on 
t h e  s l i p  r a t i o  u which i n  gene ra l  i s  unknown. There are s e v e r a l  models 
which express  t h e  void  f r a c t i o n ,  s l i p  r a t i o  r e l a t i o n s h i p .  The s i m d e s t  
model i s  t h e  homogeneous model i n  which cs is assumed un i ty .  

Cont inui ty  Equations(Mass Transport)  

A t  some p o s i t i o n  s along t h e  e l e c t r o l y s i s  cel l  shown i n  Fig.  1, 
cons ider  an elemental  c o n t r o l  volume f o r  t h e  gas phase.  G a s  i s  con- 
s i d e r e d  t o  b e  genera ted  a t  t h e  i n t e r f a c e  between l i q u i d  e l e c t r o l y t e  
and gas phases.  This gas e n t e r s  t h e  gas phase c o n t r o l  volume and i s  
represented  as a source of s t r e n g t h  9. The q u a n t i t y  9 i s  a t r ans -  
ve r se  f l u x  having u n i t s  of gm an-l  sec-l. 

c o n t r o l  volume i s  
The l a w  of conservat ion of  mass as  appl ied  to t h e  gas  phase 

d Wg = mg, 
ds 
- 

where Wg i s  t h e  mass flow rate o f  gas  i n  t h e  channel.  

l y t e  phase is  der ived  as 
I n  a s i m i l a r  way, t h e  con t inu i ty  equat ion  f o r  t h e  l i q u i d  e l e c t r o -  

d Wf = -m 9 +(?)mh+(?)mf,  
ds 

where t h e  mass f l u x  rate % i s  given by 

= igi, ag = !kt . 
mg % 

1121 



The atomic weight  of  t h e  gas  i s  Ng'while i t s  valence upon e l e c t r o l y t i c  
decomposition i s  €9. 
chemical equ iva len t .  

l i q u i d  e l e c t r o l y t e ;  i f  t h e  membrane does have t h i s  p rope r ty ,  then both 
t h e  magnitude and s i g n  o f  t h e  term mf depend on the p r e s s u r e  d i s t r i b u -  
t i o n s  along t h e  two s i d e s  of  t h e  membrane. 

equat ion of t h e  e l ec t rochemica l  r e a c t i o n  occur r ing  i n  t h e  channel. On 
t h e  cathode s i d e ,  f o r  example, t h e  equat ion i s  

The p r o p o r t i o n a l i t y  cons t an t  x g  i s  t h e  e l e c t r o -  

The mass f l u x  mf i s  non-zero only i f  t h e  membrane i s  porous t o  

The hydroxyl i o n  f l u x  mh can be r e l a t e d  t o  t h e  f l u x  mg from t h e  

cathode : mh = -17mg.  [151 

On t h e  anode s i d e ,  t h e  e l ec t rochemica l  r e a c t i o n  i s  1 

anode : 20H-+1/202+H20+2e-.  1161 

anode : mh = 2.215mg. 

The foregoing development has  n o t  considered t h e  mass t r a n s p o r t  
due t o  water  evaporat ion i n t o  t h e  hydrogen o r  oxygen bubbles .  
it can r e a d i l y  b e  shown t h a t  i f  t h e  gases  are assumed t o  be s a t u r a t e d  
with water  vapor,  t h e  mass f r a c t i o n  of t h e  hydrogen o r  oxygen gas i n  

However, , 

t h e  vapor mixture i s  

where pw i s  t h e  water vapor p re s su re  and p t  i s  t h e  t o t a l  bubble pres- 
su re ;  Mw, M9 are molecular  weights of water and gas r e s p e c t i v e l y .  

Rewriting equa t ions  [ l l ] ,  [12] t o  account f o r  water  vapor t r ans -  
f e r ,  along with d e f i n i t i o n s  made previously , t h e  c o n t i n u i t y  equations 
become 

where 

[201 

A g  = 0.228X10'7;y = -17 (cathode s i d e )  , 
A g  = 1.824X10-7;y = 2.125 (anode s i d e ) .  

[211  
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Energy Equation (Energy Transport)  

The energy t r a n s p o r t  of t h e  gas phase w i l l  be neg lec t ed  due .to 
t h e  low thermal conduct iv i ty  and h e a t  capac i ty  of  t h e  gas  compared t o  
that of  the e l e c t r o l y t e .  Then only the l i q u i d  phase needs t o  be con- 
s ide  red .  

r ep resen ta t ive  c o n t r o l  volume, it w i l l  be  assumed t h a t  t h e  t r a n s p o r t  
of k i n e t i c  and g r a v i t a t i o n a l  s p e c i f i c  ene rg ie s  are n e g l i g i b l e  compared 
t o  t h e  s p e c i f i c  thermal ene rg ie s .  Also, t h e  energy t r a n s p o r t  due t o  
l i q u i d  conversion to vapor i s  neglec ted .  

I n  applying t h e  f i r s t  law of Thermodynamics a s  it a p p l i e s  t o  a 

Then, an energy balance gives  

where hf i s  t h e  e l e c t r o l y t e  en tha lpy ,  q" i s  t h e  hea t  f l u x  t r a n s f e r r e d  
to  o r  from the  e l e c t r o l y t e ,  and E is t h e  ohmic vo l t age  drop across  t h e  
e l e c t r o l y t e .  N o t e  t h a t  

hf = CTf ; q" = h(Ts-Tf) , 1231 

where Tf i s  e l e c t r o l y t e  temperature  , TS i s  e l e c t r o d e  su r face  tempera- 
t u r e ,  h i s  the  h e a t  t r a n s f e r  c o e f f i c i e n t ,  and C is s p e c i f i c  h e a t .  ' 

Equations of Motion(Momentum Transport)  

I n  making t h e  momentum ba lance ,  both vapor and l i q u i d  phases are 
included a t  the  same t i m e .  Then upon applying t h e  momentum theorem 
t o  a r ep resen ta t ive  c o n t r o l  volume, it can b e  shown t h a t  

where T i s  t h e  average shea r  stress, p m  i s  t h e  d e n s i t y  of t h e  two phase 
mixture,  and p is  t h e  s t a t i c  p re s su re .  I n  de r iv ing  t h i s .  equa t ion ,  t he  
momentum t r a n s f e r  due t o  l i q u i d  conversion t o  vapor has  been neglected.  

E l e c t r i c a l  Rela t ions  (Charge Transpor t )  

Cons is ten t  with t h e  one dimensional t r a n s p o r t  equat ions  of continu- 
i t y ,  energy,  and momentum is  a one dimensional t r a n s p o r t  equat ion of 
charge wi th in  the e l e c t r o d e  gap. However, such an equat ion  w i l l  i n -  
volve ion  m o b i l i t i e s ,  e lec t rochemica l  r e a c t i o n s ,  and other complicated 
processes  which w i l l  no t  be  presented  here .  I n s t e a d ,  t h e  e l e c t r i c a l  
phenomena w i l l  be  represented  by a simple form of Ohm's l a w .  

t i a l s  be denoted by BE while the app l i ed  vo l t age  is  Ea. Then t h e  
vo l tage  E a v a i l a b l e  for overcoming ohmic r e s i s t a n c e  of t h e  two-phase 
e l e c t r o l y t e  i s  given by 

L e t  t h e  sum of t h e  e l e c t r o d e  p o l a r i z a t i o n  and decomposition poten- 

E = Ea-AE, r251 

and 

E = iq, 1261 

where Rc i s  the ohmic resistance of t h e  cel l .  
of a membrane r e s i s t a n c e  R,,, i n  series with resistances Rl, R2 of the 

T h i s  r e s i s t a n c e  cons i s t s  
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e lec t ro ly te -bubble  mix tu res  i n  t h e  oxygen and hydrogen channels o f  t h e  
c e l l .  That is 

R c  = Rl+F$,-,+R2. 1271 

The r e s i s t a n c e s  Rl, R2 a r e  func t ions  of  t h e  p r o p e r t i e s  of pure 

The cross  s e c t i o n  of t h e  channel occupied by vapor a t  pos i t i on  s 
This  void  i s  d i s t r i b u t e d  wi th in  some bubble 

l i q u i d  e l e c t r o l y t e ,  t h e  void  f r a c t i o n  a ,  and t h e  temperature  T f .  

is p ropor t iona l  t o  Yg. 
l aye r  of th ickness  6 .  The void f r a c t i o n  a'  based on bubble l a y e r  
th ickness  ( t h a t  i s ,  t h e  vo id  f r a c t i o n  wi th in  t h e  bubble l aye r )  is de- 
f ined  by 

The r e s i s t a n c e  w i t h i n  t h e  bubble l a y e r  i s  some func t ion  of a' r a t h e r  
than a .  

perpendicular  t o  y i s  
The t o t a l  t r a n s v e r s e  r e s i s t a n c e  , p e r  u n i t  c r o s s  s e c t i o n a l  a rea  

R = rtp6+rf (y-6) , 
where rtp i s  t h e  two-phase r e s i s t i v i t y  i n  t h e  bubble l a y e r  and rf i s  
t h e  l i q u i d  e l e c t r o l y t e  r e s i s t i v i t y .  The q u a n t i t y  rf is ,  i n  general ,  
temperature dependent,  s a y  

[ 2 9 1  
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where B represents  a temperature  c o e f f i c i e n t  and s u b s c r i p t  o denotes 
condi t ions  a t  the  ce l l  en t rance .  

a' assumed t o  be  of t h e  form 
The two-phase r e s i s t i v i t y ,  i n  the bubble l a y e r ,  i s  a func t ion  of 

r311 

The func t ion  f is determined from some void f r a c t i o n - r e s i s t i v i t y  model 
which assumes a homogeneous d i s t r i b u t i o n  of bubbles wi th in  an e l e c t r o -  
l y t e  matr ix .  A g e n e r a l i z a t i o n  of such heterogeneous condi t ion  mechan- 
i s m s  is  

f ( a ' )  = (1-a '1-n.  t321  

Tobias ( 2 )  proposed t h a t  n = 1.5  whi le  Thorpe and Z e r k l e  ( 5 )  found 
t h a t  n = 2 gave b e t t e r  r e s u l t s  i n  t h e  a l l i e d  problem of electrochem- 
i c a l  machining. 

I t  can be  noted t h a t  

so t h a t  equat ion [291 can be w r i t t e n  as  

The e l e c t r o d e  p o l a r i z a t i o n  over vo l t ages  a r e  gene ra l ly  assumed 
t o  obey Tafe l  eaua t ions  of the form , -  
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AEp = a+b ln i ,  1351 

where a ,  b a r e  cons t an t s  depending on e l e c t r o d e  material, e l e c t r o l y t e ,  
temperature ,  and pressure .  Denoting the decomposition p o t e n t i a l  by 
AEd, then 

Equations (251,  [26], [27] ,  [ 3 4 1 ,  [351, [361 can be combined t o  g ive  
an i m p l i c i t  r e l a t i o n  between t h e  appl ied  vol tage  Ea ,  c u r r e n t  d e n s i t y  i, 
vapor void f r a c t i o n s  a l , a 2 ,  bubble l a y e r s  6 1 ,  6 2 ,  and temperatures 
T l ,  T2. That i s  

As a f i r s t  approximation, t h e  q u a n t i t y  E could be regarded as known 
independent of i which g r e a t l y  s i m p l i f i e s  t h e  problem. 

Recapi tu la t ion  

The equat ions above represent  a one-dimensional approximation of 
t h e  processes  occurr ing  wi th in  t h e  e l e c t r o l y s i s  cel l .  As they s t and ,  
they involve more unknowns than t h e r e  are equat ions  so t h a t  a d d i t i o n a l  
r e l a t i o n s  are requi red .  Addit ional  equat ions  w i l l  be the  equat ions  of  
state of oxygen and hydrogen gases ,  empi r i ca l  r e l a t i o n s  f o r  t h e  shea r  
stresses, and e i t h e r  empir ica l  or t h e o r e t i c a l  express ions  f o r  t h e  s l i p  
r a t i o s .  Furthermore, t hese  equat ions are s t r o n g l y  coupled toge ther  
through pressure  and temperature.  Although t h i s  is a complicated s y s -  
tem o f  non-l inear ,  coupled, d i f f e r e n t i a l  equat ions  t h e  programming of 
them f o r  computer s o l u t i o n  i s  n o t  an insurmountable t a sk .  

ANALYTICAI, STUDIES 

It is  s u r p r i s i n g l y  simple t o  ob ta in  a lgeb ra i c  equat ions  f o r  t h e  
vapor q u a l i t y  X and void f r a c t i o n  a i n  terms of  t h e  s l i p  r a t i o  IJ and 
i n t e g r a l s  of the  c u r r e n t  dens i ty  i. This i s  done by i n t e g r a t i n g  
equat ions  [19] ,  [20] from t h e  i n l e t  ( s  = 0) t o  some po in t  s i n  t h e  
c e l l  and s u b s t i t u t i n g  i n t o  equat ions [31,  [61 t o  o b t a i n  

x =  

S u b s t i t u t i o n  of equat ion [381 i n t o  [91 t hen  g ives  t h e  void f r a c t i o n  a 
as a funct ion  of s l i p  r a t i o  a ,  the vapor dens i ty  p V ,  and i n t e g r a l  of 
t h e  c u r r e n t  dens i ty  i. 

but ions  i n  e l e c t r o l y s i s  cells, Funk and Thorpe ( 3 )  used t h e  r e s u l t i n g  
equat ion [ 9 ] ,  as descr ibed  above, along with t h e  fol lowing f u r t h e r  
assumptions : 

(1) 

I n  car ry ing  o u t  paramet r ic .  s t u d i e s  of t h e  c u r r e n t  dens i ty  d i s t r i -  

Both gas and l i q u i d  flows are assumed incompressible  and i s o t h e r -  
mal. This permits  a g r e a t  a n a l y t i c a l  s i m p l i f i c a t i o n  i n  #at it 
decouples t h e  con t inu i ty  and r e s i s t i v i t y  equat ions  from t h e  momen- 
tum and energy equat ions .  

( 2 )  The bubble l a y e r s  are assumed t o  extend completely across the  
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channels .  This assumption seems t o  b e  j u s t i f i e d  from v i s u a l  obser- 
v a t i o n s  which show t h e  bubble l a y e r  t o  fill t h e  channel except  i n  
a s h o r t  en t r ance  r eg ion .  
The membrane i s  assumed t o  be permeable only t o  t h e  hydroxyl f l u x  
and n o t  t o  l i q u i d  e l e c t r o l y t e .  

(3 )  

( 4 )  Water vapor i n  t h e  gas i s  assumed n e g l i g i b l e .  

With t h e s e  assumptions,  the system 3f equat ions reduces t o  a set  
i n  which t h e r e  a r e  on ly  t h r e e  more unknowns than  equat ions;  t h e s e  un- 
knowns are t h e  a p p l i e d  v o l t a g e  Ea and t h e  s l i p  r a t i o s  u l ,  u2. I f  Ea ,  
u l ,  u2 a r e  regarded as parameters then t h e  system can b e  solved simul- 
taneously f o r  t h e  v o i d  f r a c t i o n  CY and c u r r e n t  dens i ty  i .  Since i n t e -  
g r a t i o n  of t h e  equa t ions  b r ings  t h e  c e l l  i n l e t  v e l o c i t y  i n t o  t h e  prob- 
l e m  a s  a boundary c o n d i t i o n ,  i t  i s  a l s o  a parameter.  

I251 , 1261 , [271, [341, [351 I [363 t o  o b t a i n  
The e l e c t r i c a l  requirement i s  expressed by combining equat ions 

Equation [39] along wi th  t h e  two equat ions [9] f o r  t h e  void f r a c t i o n s  
al, a2 a r e  a s e t  of t h r e e  equat ions i n  t h r e e  unknowns 0.1, 1x2, i and 
f o u r  parameters E a ,  u 1 ,  u 2 ,  Vo. These equa t ions  w e r e  programmed f o r  
numerical  s o l u t i o n  and so lved  f o r  a s p e c i f i c  cel l  geometry as def ined 
i n  r e fe rence  ( 3 ) .  By examining t h e  r e s u l t i n g  c u r r e n t  d e n s i t y  d i s t r i -  
b u t i o n s  i t  was concluded t h a t :  

(1) The e f f e c t  of s l i p  r a t i o  i s  pronounced p a r t i c u l a r l y  a t  t h e  higher  

( 2 )  The e f f e c t  of c e l l  i n l e t  v e l o c i t y  i s  very important  and pa r t i cu -  

( 3 )  The void f r a c t i o n  d i s t r i b u t i o n s  w i l l  b e  p r a c t i c a l l y  i d e n t i c a l  i n  

c e l l  vo l t ages .  

l a r l y  so a t  t h e  h i g h e r  ce l l  vo l t ages .  

the two s i d e s  o f  t h e  c e l l  i f  t h e  hydrogen s i d e  c ros s  s e c t i o n  i s  
twice t h a t  of t h e  oxygen s ide and both a r e  s u b j e c t  t o  t h e  same 
i n l e t  v e l o c i t y .  

These r e s u l t s  a r e  n o t  e n t i r e l y  unexpected based on an i n t u i t i v e  
understanding of what i s  occurr ing i n  t h e  e l e c t r o l y s i s  c e l l .  They 
d i d  I however , p o i n t  o u t  t h e  importance o f  making experimental  s t u d i e s  
to  determine what t h e  a c t u a l  s l i p  r a t i o s  w i l l  be  i n  a r e a l  e l e c t r o l y -  
s is  cell .  

Before d e s c r i b i n g  t h e s e  experiments , it is  appropr i a t e  t o  mention 
some of t h e  a n a l y t i c a l  r e s u l t s  ob ta ined  by Thorpe and Z e r k l e  (5,6) f o r  
e l ec t rochemica l  machining. There a r e  two major conclusions which may 
b e  p e r t i n e n t  t o  e l e c t r o l y z e r  design: 

(1) If t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  is assumed t o  be constant  
along t h e  c e l l  a s  a f i r s t  approximation, it i s  p o s s i b l e  t o  i n t e -  
g r a t e  both t h e  c o n t i n u i t y  and energy equat ions t o  o b t a i n  a re- 
markably simple s e t  of a l g e b r a i c  equat ions.  This makes possible  
the i d e a  of f i t t i n g  t h e o r e t i c a l  curves t o  experimental  d a t a  i n  
o rde r  t o  determine t h e  heterogeneous conduction exponent n i n  a 
very simple and convenient manner. 

( 2 )  Under c e r t a i n  cond i t ions  ( s a y ,  of high e l e c t r o l y z e r  output)  it 
i s  poss ib l e  t o  experience a choking phenomenon s i m i l a r  t o  t h a t  
which i s  w e l l  known i n  t h e  f i e l d  of compressible flow. 
due t o  t h e  presence of gas i n  t h e  e l e c t r o l y z e r  and t h i s  e f f e c t  
should be considered i n  t h e  design of  e l e c t r o l y z e r s .  

T h i s  i s  

F o r  f u r t h e r  i n fo rma t ion ,  r e fe rences  (5,6)  should be s t u d i e d .  
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EXPERIMENTAL -STUDIES 

Severa l  experimental  i n v e s t i g a t i o n s  o f  vo id  f r a c t i o n  and p res su re  
drop occurr ing i n  water  e l e c t r o l y s i s  cells have been conducted a t  t h e  
Universi ty  of Kentucky. I n s t e a d  of d i scuss ing  t h e  experimental  appara- 
t u s  and procedures i n  d e t a i l ,  only a summary w i l l  b e  presented  here.  
References (3 ,  4 ,  7)  can be  consul ted f o r  d e t a i l e d  information.  

The experimental  apparatus  cons i s t ed  b a s i c a l l y  of  a flow loop,  
p o s i t i v e  displacement pump, a cu r ren t  source ,  ins t rumenta t ion ,  and a 
gamma ray a t t enua t ion  system f o r  measuring void f r a c t i o n s .  The e l e c -  
t r o l y t e  used was one normal KOH while t h e  e l e c t r o d e s  w e r e  s t a i n l e s s  

with oxygen s i d e  c ros s  s e c t i o n  1" by 0.18" and hydrogen s i d e  c ros s  
s e c t i o n  1" by 0.18". This tes t  s e c t i o n  w a s  36" i n  l eng th  preceded 
by an ent rance  length  of 21". The membrane cons i s t ed  of a polysty-  

> rene coated nylon c l o t h  sandwiched between two s l o t t e d  P lex ig l a s  hold- 
ers. 

S tudies  of the flow p a t t e r n  ind ica t ed  t h a t  a bubble boundary lay-  
er  ex i s t ed  a t  t h e  t e s t  s e c t i o n  i n l e t  b u t  t h a t  a f t e r  a s h o r t  d i s t ance  
(6"-8") downstream, bubbles occupied t h e  complete c ros s  s e c t i o n s  d i s -  
persed as s m a l l  s p h e r i c a l  bubbles i n  e s s e n t i a l l y  a f r o t h  flow. The 
flow v e l o c i t i e s  were of  o rde r  of magnitude 0.5 f t  s e c - l  and t h e  cu r ren t  
dens i ty  was of order  of  magnitude 250 amp f t -2 .  
gen bubbles having an average diameter  of  about 4.5X10-3 inches and hy- 
drogen bubbles having an average diameter  of 3.5 X 10-3 inches.  
such small  bubbles,  t h e  assumption t h a t  t h e  gas  i s  s a t u r a t e d  with water  

' vapor i s  j u s t i f i e d  and t h i s  w a s  assumed i n  c a l c u l a t i n g  t h e  vapor densi-  
ties. 

The s l i p  r a t i o  w a s  determined i n  t h e  fol lowing way. F i r s t ,  t h e  
void f r a c t i o n  was determined experimental ly  us ing  a 20 m c  Cesium-137 
gamma source,  a s c i n t i l l a t i o n  probe as d e t e c t o r ,  co l l ima to r ,  and asso- 
c i a t e d  e l e c t r o n i c  equipment as  d i scussed  i n  re ference  ( 8 )  . Next, t h e  
vapor q u a l i t y  X was determined by measuring t h e  c u r r e n t  dens i ty  d i s -  
t r i b u t i o n  i ,  the i n l e t  flow rate Wf(o) , and s u b s t i t u t i n g  i n t o  equa- 
t i o n  [38] . 

With a and X known, t h e  only remaining unknown i n  equat ion 191 
i s  the  s l i p  r a t i o  a. I f  t h e  ra t io  (1-a)/a i s  p l o t t e d  a g a i n s t  t h e  
r a t i o  p v ( l - X ) / p f X ,  t h e  s lope  of  a l i n e  through t h e  d a t a  is  the s l i p  
r a t i o  a. Such p l o t s  i nd ica t ed  t h a t  t h e  s l i p  r a t i o  i s  e s s e n t i a l l y  
uni ty .  

aga ins t  the vapor volumetr ic  flow f r a c t i o n  d def ined  by 

I\ 

I s t e e l .  The test s e c t i o n  w a s  made from P lex ig l a s  and s t a i n l e s s  s t e e l  

This r e s u l t e d  i n  oxy- 

For 

1 

1 

Another way of p l o t t i n g  t h e  d a t a  i s  t o  p l o t  t h e  vo id  f r a c t i o n  a 

The da ta  is p l o t t e d  i n  this manner i n  Fig.  2. A l s o  p l o t t e d  i n  
Fig. 2 a re  the  homogeneous model (u = 1) and Bankoff's model ( 9 )  
which g ives  e s s e n t i a l l y  t h e  s a m e  r e s u l t s  as those  of M a r t i n e l l i  and 
Nelson (10). The f i g u r e  i n d i c a t e s  t h a t  t h e  s l i p  r a t i o  i s  c lose  t o  
un i ty  f o r  both oxygen and hydrogen s i d e s  of t h e  e l e c t r o l y s i s  cell .  

\ I t  should be remembered, though, that  t h i s  conclusion is drawn f o r  
a s i n g l e  cell geometry and r a t h e r  low throughput cond i t ions .  

mination of pressure  drop c o r r e l a t i o n s  because t h e  p re s su re  drop 

\\ 

\ 
The determinat ion of t h e  s l i p  r a t i o  i s  p r e r e q u i s i t e  t o  a de t e r -  

\ 
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depends on the vo id  f r a c t i o n .  I n  o t h e r  words, t h e  conclusion t h a t  
t h e  s l i p  r a t i o  i s  u n i t y  permits  t h e  p r e s s u r e  d rop  equa t ions  t o  be 
w r i t t e n  i n  terms o f  t h e  vapor  q u a l i t y  X through equa t ion  [SI which, 
i n  t u r n ,  depends o n l y  on the (measured) c u r r e n t  d e n s i t y  d i s t r i b u -  
t i o n  i and (measured) i n l e t  flow rate Wf(o).  

and e l e v a t i o n  p r e s s u r e  d rop  components o f  equa t ion  [ 2 4 ]  and sub- 
t r a c t i n g  t h e m  from the (measured) t o t a l  p r e s s u r e  drop. In  t h i s  way 

r educ t ion  was programmed f o r  d i g i t a l  computation and involved a de t e r -  
mination of t h e  vo id  f r a c t i o n  CL a t  t h e  same t i m e .  

Each tes t  run involved a determinat ion of both t h e  s i n g l e  phase 
p r e s s u r e  drop i n  t h e  absence of e l e c t r o l y s i s  (which is e n t i r e l y  f r i c -  
t i o n a l )  and the two phase p re s su re  drop wi th  e l e c t r o l y s i s  occurr ing.  
I n  this way, it i s  p o s s i b l e  t o  compute a f r i c t i o n a l  p re s su re  drop mul- 
t i p l i e r  Y def ined  by 

Data reduct ion was c a r r i e d  o u t  by e v a l u a t i n g  t h e  acce le ra t ion  

t h e  f r i c t i o n a l  p r e s s u r e  drop component i s  i s o l a t e d .  The a c t u a l  d a t a  I 

I 

A t t e m p t s  were made t o  c o r r e l a t e  I a g a i n s t  s e v e r a l  parameters i n -  
c luding t h e  vo id  f r a c t i o n  a. These at tempts  l e d  t o  t h e  formulation 
of a v a r i a b l e  n def ined  by 

The f a c t o r  X g i  which has  u n i t s  and dimensions of a mass v e l o c i t y  is  
a measure of t h e  l a t e r a l  vapor mass f l u x  away from t h e  w a l l .  Super- 
f i c i a l l y ,  t h i s  f a c t o r  can be viewed a s  an i n c r e a s e d  roughness of t h e  
e l e c t r o d e  su r face .  When it i s  d iv ided  by t h e  gas dens i ty  p v ,  a super- 
f i c i a l  t r a n s v e r s e  v e l o c i t y  i s  obtained.  The r a t i o  of  t h i s  t r ansve r se  
v e l o c i t y  t o  t h e  a x i a l  v e l o c i t y  a t  i n l e t  Vo i s  a dimensionless s imi l a r -  
i t y  v a r i a b l e  and a measure o f  d i s s i p a t i o n  i n  t h e  flow. Attempts t o  
c o r r e l a t e  Y i n  t e r m s  of t h i s  r a t i o  and a l s o  i n  terms of void f r a c t i o n  a 
i n d i c a t e  t h a t  Y shou ld  be c o r r e l a t e d  i n  terms of  t h e  product of t h e  
two. However, two d i s t i n c t  c o r r e l a t i o n s  w e r e  ob ta ined  i n  t h i s  way f o r  
t h e  oxygen and hydrogen s i d e s .  

It  w a s  found t h a t  the two c o r r e l a t i o n s  f o r  oxygen and hydrogen 
could be brought t o g e t h e r  by in t roduc ing  t h e  d e n s i t y  r a t i o  (pv!pf) l / 3 .  
Thus t h e  c o r r e l a t i o n  parameter  n was syn thes i zed  and t h e  f r i c t i o n a l  
p r e s s u r e  drop m u l t i p l i e r  Y w a s  c o r r e l a t e d  f o r  both oxygen and hydrogen 
as shown i n  Fig.  3.  Except f o r  p o i n t s  n e a r  Y = 1 where t h e  experi-  
mental  e r r o r s  can be r a t h e r  l a r g e ,  this c o r r e l a t i o n  i s  accurate  t o  
w i t h i n  ?r 20 p e r  c e n t .  

I 

SUMMARY 

. I n  t h i s  paper ,  a summary of some of  t h e  f l u i d  flow aspec t s  of 
wa te r  e l e c t r o l y z e r s  has  been p fes  ented along w i t h  research which has 
been already pub l i shed  i n  the l i t e r a t u r e .  Admittedly, t h e  approach 
has  been r e s t r i c t e d  t o  a s i n g l e  t y p e  of  e l e c t r o l y z e r  and t o  d a t a  ap- 
p ly ing  only t o  a ve ry  r e s t r i c t e d  range o f  geometries and flow v a r i -  
ables. This shou ld ,  however, provide a convenient b a s i s  o r  po in t  Of 
depa r tu re  f o r  f u t u r e  work i n  t h e  event  wa te r  e l e c t r o l y s i s  becomes an 
important  mechanism f o r  producing f u e l .  

Much work remains t o  be done i n  o r d e r  t o  advance t h e  s t a t e  of 
e l e c t r o l y z e r  technology. For example , f u r t h e r  s t u d i e s  should be con- 
ducted over a wider r ange  of  ambient o p e r a t i n g  p r e s s u r e s ,  tempera- 

I 
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t u r e s ,  f lows,  and c u r r e n t  d e n s i t i e s .  A l s o ,  complete system s t u d i e s  
should  be conducted which inc lude  the problems of op t imiza t ion  and 
c o n t r o l .  
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NOMENCLATURE (Cons i s  t e n t  Units)  

a r b  i 

A 
C 

E 
Ea 

AEP 
AEd 

BE 
H 
i 
L 
m 
M 
N 
P 
r€  
r t P  

RC 
Rm 

R 

T 
V 
W 
X 

Y 
2 

a 
a' 
B 
Y 
6 

€9 
Ag  
P 
U 

T 
@ 
Y 
s2 

0 
1 
2 
9 
f 
h 
V 

cons t an t s  i n  t h e  equat ion d e s c r i b i n g  p o l a r i z a t i o n  over vo l t age  
(Eq. [351) 
channel flow area 
s p e c i f i c  h e a t  of t h e  e l e c t r o l y t e  
vo l t age  a p p l i e d  t o  t h e  cell 
vo l t age  d rop  i n  t h e  two phase e l e c t r o l y t e  
water  decomposition p o t e n t i a l  
ele c t rode  p o l  a r i  z a t  i on  overvol tage 
sum o f  AEd and AEp 
channel width 
c u r r e n t  d e n s i t y  
e l e c t r o l y z e r  c e l l  l eng th  
l o c a l  mass f l u x  
molecular weight 
atomic weight  
pres s u r e  
l i q u i d  e l e c t r o l y t e  r e s i s t i v i t y  
r e s i s t i v i t y  o f  t h e  two-phase bubble l a y e r  
t o t a l  ce l l  t r a n s v e r s e  resistance 
ohmic r e s i s t a n c e  of  t h e  c e l l  
membrane r e s i s t a n c e  
temperature 
f l u i d  v e l o c i t y  
mass flow rate 
gas q u a l i t y  o r  gas  mass f r a c t i o n  
channel t h i c k n e s s  
v e r t i c a l  coord ina te  

Greek  Letters 

void t r a c t i o n  based on channel t h i ckness  
void f r a c t i o n  based on bubble l a y e r  t h i ckness  
temperature c o e f f i c i e n t  
def ined by equa t ion  [ 2 1 1  
bubble l a y e r  t h i ckness  
valence upon e l e c t r o l y t i c  de composition 
cons t an t  de f ined  by equat ion 1131 
dens i ty  
s l i p  r a t i o  o r  phase v e l o c i t y  r a t i o  
w a l l  s h e a r  stress 
gas volume f low f r a c t i o n  
two-phase f low f r i c t i o n a l  m u l t i p l i e r  
c o r r e l a t i o n  parameter 

Subsc r ip t s  

channel i n l e t  cond i t ions  
anode s i d e  
cathode s i d e  
gas 
l i q u i d  
hydroxyl i o n  
vapor 
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N'jm -1 , A CHEKICAL PROCESS TO DECOIVPOSE WATER USING NUCLEAR HEAT 

G.  De Beni , C .  Marchet t i  
C.C.R.  E K U T O ~  - ISPHA - VARESE (ITALY) 

'IRTRODUCT I ON 

The evolut ion o f  nuc lear  r eac to r s  has followed mainly two t rends:  
1 )  The increase o f  t h e  maximum coolant temperature 
2) The decrease in the  hea t  cos t  due t o  the progress  in technology a n d  

The demand f o r  h igher  o u t l e t  temperatures,  in  view of higher  e f f ic ien-  
c i e s  ir, the e l e c t r i c  energy production, led t o  development o f  r e a c t o r s  
capable of those high temperatures,  e.g.  the  Advanced Gas Cooled Reac- 
t o r s ,  t h e  Kolten S a l t  Reactors,  the High Temperature Gas Reactors. 
H T G R I s  have the  advantage over the  o the r  t w o  r eac to r  concepts t h a t  t he i r  
output coolant temperature i s  higher  and tha t  the  proper t ies  o f  t h e i r  
core mater ia l s  could t o l e r a t e  add i t iona l  increases  i n  tenperature .  

A l s o  f r o m  the  commercial point o f  view the  HTGR's  won a round a- : 
ga ins t  t o  the  o t h e r  t w o  w i t h  the  order  of Phi ladelphia  E l e c t r i c  f o r  a 
s t a t i o n  equipped w i t h  t w o  such r e a c t o r s ,  w i t h  a t o t a l  n e t  e l e c t r i c a l  
capac i ty  of 2,320 Mwe. ( 1 )  

E l e c t r i c i t y ,  t he  u s u a l  form f o r  marketing nuc lear  energy, meets 
o n l y  a b o u t  20% o f  the  energy needs f o r  a technologica l ly  developed so- 
c i e t y .  This f a x i  l imi t s  the  r o l e  nuc lear  energy can p lay  in the  t o t a l  
energy supply. 

Lookb-g f o r  a mean t o  pene t ra te  the remaining 80% of the energy 
market we considered t h a t  hydrogen could be the  idea l  c a r r i e r ;  s o ,  a 
few years ago we s t a r t e d  looking  f o r  a process  t o  produce H2 using nu- 
c l e a r  hea t .  

The temperature l e v e l  a t  which hea t  i s  ava i l ab le  f r o m  the present  
family o f  HTGRIs  i s  such that it can be used in hydrogen production 
processes  l i k e  coa l  g a s i f i c a t i o n  o r  natural. gas  reforming. In f a c t ,  
there  is a s t rong  incent ive  f o r  implementing those endothermic proces- 
s e s  w i t h  nuclear  hea t  because the  d i f fe rence  i n  p r i ce  between the fos -  
s i l  f u e l  ca lo r i e  a n d  t h e  nuclear  ca loxie  i s  not  neg l ig ib l e  a n d  tends 
t o  increase.  B u t  t h e i r  thermodynamics i s  such t h a t  only 20-25s of the  
energy i n  the product comes f r o m  t h e  nuclear  r eac to r .  The impact of 
such app l i ca t ions  on t h e  pene t ra t ion  of nuclear  energy i n t o  the  energy 
market w i l l  then be necessa r i ly  small. For  t h i s  reason our research 
was or iented t o w a r d s  a process  f o r  hydrogen production in which the 
only ener  y in u t  w a s  from a nuclear  reac tor .  In a sense water elec- 
t r o l y s i s  f.2, 3y w o r k s  t h i s  way, b u t  the  necessary transformations 
through var ious  s t a g e s  o f  a l l  the  primary energy from heat  t o  e l e c t r i -  
c i t y  a n d  then,  v i a  e l e c t r o l y t i c  c e l l s ,  t o  hydrogen, lead t o  l o w  t o t a l  
e f f i c i e n c y  a n d  high investment cos t .  

conversion e f f i c i e n c i e s  and lower c a p i t a l  cos t  and we d i d  s e t  o u r  goal  
at  decomposing water us ing  the  nuc lear  heat  f o r  operat ing some endo- 
thermic chemical r e a c t i o n s  in a closed cycle ,  1.e.  with nominal  con- 
sumpt ion  o f  chemicals. 

t o  t h e  increase  i n  r eac to r  s i ze .  

! 

/ 

We thought t h a t  a more d i r e c t  use o f  hea t  could lead t o  higher  

,/ 
THE CHEMICAL CYCLES 

I 

Thermodinamically it is  not poss ib le  t o  crack water ,  w i t h  a reaso- 
nable y i e ld ,  at temperatures  lower than 250O0-30OO0C. If we had t o  run 
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a process with o n l y  one endotheimic r e a c t i o n  a ?  a lowel- t e q e r a t u r e  
we should c o q e n s a t e  t h e  lowel. e n t r o p i c a l  l e v e l  of t h e  heat  by a 
correspolrding amount of  usefu l  work. A mul.tistep chea ica l  process 
operat in< aL d i f f e r e n t  temperatures behaves as a thermal engine(4) ; 
as a consequence the  useful .  work requiremen: can be obtained t'n'rough 
e x t r a  hea t  en ter ing  the  system at high temperature and given off  as 
degrarjec! heat  at  l o w  temperature in  accordace ,  with t h e  Ca.m-of rule .  

By a two-step process  it is poss ib le  theoret ical . lg  to s p l i t  wa-  
t e r  even wi t l ?  a, l i n i t  of 3OOOC f o r  t h e  upper temperature,  b u t  t h e  
thermodynamic p r o F e r t i e s  o f  t h e  chemical substances t h a t  could be 
used in such a cycle  are v c y  far from t h e  thermodynamic p r o p e r t i e s  
of  a.l:l kno~m substances a n d  following ( 4 )  even a t  100o°C v e r y  proba- 
b l y  such s u b s t m c e s  do not  e x i s t  nor  g.:a~: they be synthesized. 

Three-step processes  appe,v more f e a s i b l e  and ir. fa.ct t h e y  have 
been a l ready  proposed ( 5 ) .  They a r e  based on t h e  renct ion of c'nlcri?e 
a f t h  steam at, h igh  tenperature  $0 p o d u c e  oxygen afld Fy3rochloric 
ac id ;  the  last-one being d issoc ia ted  i.r-:,o hydrogen and ch lor ine  by 
a r e a c t i o n  at low temperature witk z low-valence metal chlor:l.de (me- 
tals being T a ,  B i ,  Hg, , V )  and: the  subsequent d i ssoc ia t ior i  of t h e  so 
formed high-valence ch lor ide  at; high te'mpe'k&%ure : 
The rea.ctS.cn~s f o r  t h i s  type of  a cycle  a r e  : 

. .. ,. ;the:.,qea.ctj.oij;, 7 )  and,  ..3;) r u n ' , a t  bi,gh tetiperature,; and react;i.on 2)  ,+ low 
temperatume. 

I . .  , Some g,xpe$Eental work h been done,, o ~ t ~ $ e ,  h:ost promisirc  cycle.: m e  
one e m p l o y ~ g  V a n a d i u m  ( The reac5ion between ch lor jne  and steam 

i '  

ied t o  f i n d -  tF,e reaction: .r.ate as a - f u n c t i o n  o f  temp3Patu- 
s" Peed, rate !and"iTatio a n d  -reactor'! s surface-t.o-vcluu!e. The 
f o r  a p r a t i c a l  appl ica t ion  have been fou l ld .  
T@ora.tor.y t e s t s  have been done about t h e  reaction. betv!een 
chlor ide a n d  hgdrochlor2c- acid in- a s t a t i c - t F e  apparatus  

a t  atmospheric pressure and at room temper&;ure. I n  s p i t e  o f  t h e  fa-  
vourable reac t ion  thermodynamics e s s e n t i a l l y  n o  reacti ,on ,between VC12 
a n d  H C l  was o5served i n  those condi t ions.  

Another three-s tep process i s  de,scribed in C.S. Patent  (1970)(7) 
i n  which Cesium se ta l  r e a c t s  with water ,  then. Cesiurr hydroxide is 
transfoi-ned i r . t o  Cesium peroxide and f i n a l l y  Cesium peroxide is d i s -  

emperatuTe. The rezc$i,or?;s . .  o h i s  cgc1.e a m  : . .  - .. . 

i 

! 

i\:o experimental work is  reported ir. t h e  p a t e n t  d e s c r i p t i o r .  
l i t h  the  ava i lab le  thermodpanic  d a t a  we ca lcu la te  f o r  I.he ceact ion 2) 
q u i t e  an unfavourable e q u i l i b r i u n  constant:  E20 par1.ia.l pressure rea- 
ches only about one thousandth'of the-oxygen pressure.  As a copsequen- 
c e ,  a p a r t  f r O Q  the  high upper temperatu~~e'(abov~'125OoC),this >I-ocess 

''! 

9 

1 
1 
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r e q u i r e s  q u i t e  an amount o f  separa t ion  work. 

M s - 1  CYCLE 

A four-s tep chemical cycle  has been found by one o f  u s  (G.D.) (9 )  
a n d  it i s  b r i e f l y  described i n  (8 ) .  This cycle ,  chr is tened MARK-1, 
uses  compounds of mercury, bromine a n d  calcium. The s e t  of reac- 

I 
t i o n  in the cycle  is t h e  following : 

1) C a  Br2  + 2H20 ---y% C a  (OH)2 + 2HBr water s p l i t t i n g  

2) H g  t 2 H B r  ------ 2500+ HgBr2 + H2 hydrogen switch / 
3 )  HgBr2  + C a  (OH)2 -------zD 2ooo CaBr2+ HgO + H20 oyvgen s h i f t  

I 

4) + oxygen switch 

Whose sum. is  : 

H2 + 1/2 O2 H2° -------- 
A block diagram of the  cycle  i s  shown i n  f i g .  1 where o n l y  ma- 

I n  block 1) where r eac t ion  1 occurs,  calcium bromide and ( e x c e s d  
t e r i a l s  f l o w  i s  ind ica ted .  

steam r e a c t s  t o  hydrobromic acid and calcium hydroxide. The hydro- 
bromic a c i d  so lu t ion  i s  concentrated in a d i s t i l l a t i o n  column and fed 
t o  the  s t ep  2 ( r e a c t i o n  n ,  2 ) .  The product i s  a mixture o f  mercury 
bromides, hydrogen, hydrobromic aci.d , water and mercury. The gases 
a r e  separated a n d  hydrogen i s  cleaned from HBr t r a c e s  by passing it 
through a bed of calcium hydroxide. Mercury a n d  mercurous bromide, 
which is qu i t e  i n so lub le ,  a r e  separated f r o m  the r e s i d u a l  solut ion.  
Their  mixture is  fed back t o  s t e p  2 ) ;  the  remaining so lu t ion  i s  s t r ip - f  
ped t o  separate  most of the  hydrobromic acid a n d  fed back in to  the 
d i s t i l l a t i o n  column a t  the  proper l e v e l ;  t he  mercuric bromide solu- 
t i o n  i s  fed i n t o  s t e p  3 )  wi th  water a n d  calcium hydroxide coming f rom '  
s t e p  1 ) .  The product of reac t ion  3 i s  a so lu t ion  o f  calcium bromide 
e a s i l y  separated from the  mercuric oxide p r e c i p i t a t e .  The solut ion i s  
concentrabed and  recycled t o  s t e p  1 ) .  Mercury oxide i s  fed t o  s tep  4 )  
where is d i s soc ia t ed .  The products  can be separated by quenching u1 
an hea t  exchanger o r  by expanding them through a tu rb ine .  Mercury i s  
recycled t o  s t e p  2 ) .  

input  o f  water and an output o f  hydrogen and oxygen. In f i g .  2 a 
schematic flow-sheet f o r  t he  Mark-1 process i s  given w i t h  referenae 

A t  th is  po in t  t he  cycle  i s  completed: the  g loba l  r e s u l t  i s  an 

. ""..--L .?. . . ( I f r  _ -  -e- - " .." A "  ._'_ . ": _.__ - -.T 1 .- - 



c )  a l i  by-products formed during t h e  r e a c t i o n s  can be r e i n j e c t e d . a t  
some poin ts  in the  cyc le ,  permit t ing a v i r t u a l  loo$ recupemt ion  
of t h e  chemicals. 

There a r e  a l s o  some drawbacks : 

a) the  use o f  mercury with the re la ted  problems o f  high inventory 
c o s t  and the  p o s s i b i l i t y  of p o l l u t i o n  i n  case of leakages,  

b )  t h e  use of highly corrosive chemicals, e s p e c i a l l y  hydro?)ronic a- 
c i d ,  a n d  the consequent problems f o r  cons t ruc t ion  mater ia ls .  

CHEMICAL STUDIES (10) 

Very l i t t l e  information on t h e  r e a c t i o n s  involved in the  Mark-1 
cycle w a s  found i n  t h e  l i t e r a t u r e .  We then s tar ted a program o f  ex- 
perimental  t e s t s  i n  order  t o  determine e q u i l i b r i a  a n d  k i n e t i c s .  

1) On the  hydrolysis  r e a c t i o n  there  is a paper ( 11) which descr ibes  
a s e r i e s  o f  experiments i n  which var ious  salts, l i k e  h a l i d e s ,  s u l -  
phates ,  phosphates a n d  carbonates of a l k a l i n e  e a r t h  were hydroli-  
zed. The t e s t s  were performed in  such a way t h a t  t h e y  did not  al- 
low the  determination of equilibrium va lues  f o r  t h e  hydrolysis ;  
however they show t h a t  i n  the h a l i d e ' s  f a n i l y  t h e  m o s t  hydrolisa- 
b le  salt i s  calcium bromide. O u r  experiments on t h e  hydrolysis  
of calcium bromide were done using water vapor a t  1 a t m .  I n  order 
t o  have a prel iminary idea o f  the  equilibrium concentrat ions, ther-  
modynanic c a l c u l a t i o n s  were made f o r  the  fol lowing reac t ions :  

C a  B r 2  + 2 H20 ----- W C a  (OH)2 + 2 HBr 

3 C a O  + 2 HBr C a  B r 2  

Working with steam a t  1 a t m .  we can expect the  formation of cal-  
c i u n  hydroxide f o r  temperature up t o  55OOC and t h e  formation of 
calcium oxide a t  higher  temperatures. Using f o r  c a l c u l a t i o n s  the 
d a t a  o f  Brewer (12) and o f  B u l l e t i n  of Bureau of M i q ~  (13) the 
va lues  for-the equi l ibr ium constant range from 8.10 a t  500°K 
t o  7.0'7.10 4 a t  1000°K; taking more recent  d a t a  f r o m  Kubaschewski 
( 14) thes2,values are still lower, ranging from 1.2. 10-l2 a t  500°K 
t o  3.5.10 " at  1000OK. 
Frorc o u r  t e s t s  we f i n d  f o r  the  equi l ibr ium constant  va lues  rangkg 
from 2.9.10 7 a t  573OK t o  1.12.10-2 a t  1000°K. 
I n  f i g .  3 there  i s  a p l o t  o f  calculated and experimental values  
f o r  hydrolysis  equi l ibr ium constant; a t  atmospheric pressure.  Other 
t e s t s  a r e  i n  progress  t o  determine the equi l ibr ium and the  kine- 
t i c s  under pressure.  A first  t e s t  with 20 a t m .  steam led t o  an e- 
q u i l i b r i u m  constant of l .9. a t  727OC ( loOOoTc). 
The minimum working pressuz-e necessary t o  have C a  (OH) 
duct has  been determined measuring the  decomposition p?essure of 
calcium hydroxide u p  t o  800°C ( f i g .  4 ) .  

2) A l s o  for t h e  r e a c t i o n  between mercury and hydrobromic acid there  
i s  no valuable information in t h e  l i t e r a t u r e .  We d i d  run a s e r i e s  
of t e s t s  t o  determine how the r e a c t i o n  r a t e  is influenced by t h e  
volume of hydrobr0rr.i.c a c i d ,  t h e  surface of mercury, t h e  tempera- 

+ H2° ------ 

as pro- 



I t u r e ,  the concent ra t ion  of t he  ‘acid.  
Reacting a mercury drop  of 550 mg (2.75 milli-atoms) i n  a g l a s s  
v e s s e l  o f  about 35 m l  volume wi th  an excess  of concentrate  hy- 
drobromic acid (48$, 8 ,9  mil1.i-moles a t  25OOC t h e  i n i t i a l  r a t e  

vapog pressure of  t h e  hydrobromic acid has  been evaluated t o  be 
20 atm. From the  r e a c t i o n  r a t e s  a t  temperatures between 197OC 
and 25OOC the  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n  h a s  been calcu- 
l a t e d  t o  be about 15 Kcal/’mole. The temperature dependence of 
r a t e  constant  i s  ,shown in  f i g .  5. Ext rapola t ing  the  reactj.on ra,- 
t e  a t  300OC we c q  expect a hydrogen formation r a t e  of about 
700 cc (NTP)/h.cm . 
The inf luence of hydrobromic acid concentrat ion on hydrogen for -  1 
mation r a t e  a t  200OC i s  given in f i g .  6 .  It i s  q u i t e  evident the 1 
s t rong  e f f e c t  of t h e  hydrobromic acid concentrat ion.  
Due t o  the  ove rpo ten t i a l  f o r  hydrogen evolut ion over mercury aur- 

: faces .  we have t e s t e d  the  e f f ec t ivness  o f  some metals as depolarisem., 
A t  2OOOC t h e  b e s t  Yesul ts  have been obtained wi th  add i t ion  of iri- 
dium black on tungs ten  powder: hydrogen evolu t ion  r a t e  d i d  increa- 

i 

, - We a r e  doing a l s o  some research  on a d i f f e r e n t  wa.y t o  r e a c t  mercu- 
r y  and hydrobromic a c i d .  By t h e  new procedure the  r eac t ion  could 
be rea l ized  a t  lower temperatures (100 .i 120°C) with a n  accepta- 
b l e  r a t e .  The lower temperature all.ows lower grade hea t  coming 
from other  s t e p s  of t h e  process  t o  be used, and t h i s  permits a h i -  
gher t o t a l  e f f i c i ency .  Analy t ica l  problems t h a t  d i d  a r i s e  i n  the 

.. determinat ion of t h e  r eac t ion  products  have been solved a n d  the  
a n a l y t i c a l  procedure is described by Se r r in i  ( 15) .  

3) About the  r e a c t i o n  o f  mercury bromide wi th  calcium hydroxide n o  in- 
f o r m a t i o n  is wa.ila.ble i n  the  l i t e r a t u r e .  Pre l iminary  t e s t s  have 
shown t h a t  wi th  calcium hydroxide, a brown colored p r e c i p i t a t e  is 
ob-tained. Af t e r  b o i l i n g  the so lu t ion  f o r  some minutes this  brown 
p r e c i p i t a t e  is transformed i n  t h e  usua l  red mercuric oxide. Never- 
t h e l e s s ,  a c e r t a i n  amount of mercuric bromide is held in so lu t ion  
by t h e  calcium bromide formed. For  t h i s  reason we began t o  study 
the  inf luence of temperature ,  i n i t i a l  concentrat ion of mercuric 
bromide a n d  the  excess  o f  calcium hydroxide. 

1 
! of Ii formation i s  218 cc (IJTP)/h.cm 3 o f  mercury. The i n i t i a l  

I 

1 

se-  by a f a c t o r  2 ,3 .  A t  250°C t h e  e f f e c t  of t he  c a t a l y s t  i s  l e s s  
important.  .I 

i 
i 

( 

4) The d i s soc ia t ion  of mercuric oxide i s  the  only  s t e p  of the  Mark-1 
cycle  f o r  which data a r e  ava i l ab le  in the  l i t e r a t u r e .  
Dissoc ia t ion  p res su res  have been measured ( 1 6 )  a n d  a r e  known with 
a p rec i s ion  s u f f i c i e n t  f o r  our needs. I n  f ig .  7 HgO d i s soc ia t ion  1 
pressure ve r sus  temperature i s  given. Between 450OC a n d  600°C the  ‘ 
d i s soc ia t ion  p res su re  v a r i e s  from 1 t o  20 atm, tha t  i s  i n  a range 
wel l  su i t ab le  f o r  p r a t i c a l  appl ica t ions .  
Prom the l i t e r a t u r e  (17)  i t  i s  a l s o  lmown tha t  t h e  r a t e  of disso- ‘ 
c i a t i o n  can be acce lera ted  by  the presence of  a proper c a t a l y s t  
in t he  form o f  f i n e l y  divided platinum, f e r r i c  oxide,  e t c .  
A s  w e  need t o  know a l s o  the  r a t e  of recombination of oxygen a n d  
mercury vapors  in o rde r  t o  def ine  how fast t h e  vapors  must be coo- 
led  t o  avoid excessive back-reaction we a re  a l s o  s tudying the  
k i n e t i c  o f  HgO formation. In a v e r y  simple t e s t ,  conducted by hea- 
t i n g  the mercuric oxide t o  480OC a t  room pressure  i n  a g l a s s  ap- 
pa ra tus  without any p a r t i c u l a r  f e a t u r e  t o  cool  t h e  vapors,  we d i d  
not observe any recombination. We a r e  now assembling an apparatus 

I 
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t o  s t ady  the recombination at temperatures up t o  65OoC a n d  pres- 
sures  up t o  30 a h .  

A l i s t  o f  o ther  chemical and phys ica l  problems a r e  underscru t iny  
e.g. we a r e  measuring the vapor pressure of concentrated ca lc iun  bro- 
mide sol i i t ions,  t he  heat  of dehydratat ion o f  calcium bromide and the  
pressures  a n d  phase composition f o r  the liquid-vapor equili’ariun in 
the ternary systen H 0-HSr-HgBr . 

We a r e  a l s o  t e sg ing  the  r e ? i a b i l i f y  of s p e c i f i c  ion-elec trodes 
f o r  con kinuous concentrat ion measurements. 

The chemicals c i r c u l a t i n g  i n  t he  va r ioas  s t e p s  o f  t he  process 
a r e  hydrobromic acid (vapors a n d  so lu t ion ) ,  mercury (salts and vapor) ,  
calcium bromide and  calcium hydroxide as s o l i d s  and in so lu t ion ,  oxy- 
gen, hydrogen and water.  For  most o f  them compatible ma te r i a l s  a r e  
:ulown. 

formation i s  ava i l ab le ,  and ind ica t ion  o f  i ts a b i l i t y  to a t t a c k  mate- 
rial is  dsrived f r o m  the  behaviour o f  hydrochloric acid.  
Corrosion condi t ions can be divided i n  two groups : 

a)  hydrobrwnic acid i n  s o l u t i o n  
b) hydrobromic acid as gas  mixed with steam. 

Solut ions of hydrobromic acid a r e  formed : 

a) where t h e  s52an and HBr mixture leav ing  the hydro lys is  s t e p  i s  con- 
densed; concentration *=.ill he about 338 by weight and a t  a tempe- 
raCure around 280OC; 

down t o  130°5 and concan2rations up t o  48% by weigth ( azeo t rop ic ) ;  

Problems a r i s e  with hydrobromic acid.  For t h i s  proJuct  l i t t l e  in- 

I 

b )  in the  concentrat ion and s t r i p p b g  columns : temperature f r o m  25OOC 

c )  where mercury i s  reac ted ,  (concentrat ion 48% by weigth,  temperatu- 
re 2OOOC).  

The presence of mercury salts in the  so lu t ion  must  be taken in 
account. Sydrobromic acid as a gas phase i s  r e sen t ,  mixed with steam, 
a t  a maximum concentrat ion of 10% in volume $corresponding t o  a 33% 
i n  weizth) in the hydro lys is  s t e p  and d u r h g  the  cool ing o f  t he  mix- 
t u r e ;  a vapor phase i s  a l s o  presant  over the  acid so lu t ion .  

Exploratory corrosion t e s t s  ( f o r  me ta l l i c  and r e f r a c t o r y  materi- 
als) have again begun i n  hydrobromic acid so lu t ions  (489). After  SO- 
ne screening a t  the  b o i l i n g  poin t  o f  the azeotropic  mixture (126OC) 
medium t e r m  t e s t s  w i t h  the  most r e s i s t i n g  ma te r i a l s  have been done at  
20OoC a n d  25OOC. The ma te r i a l s  e l iminate3 in t he  prel iminary scree- 
ning a re  : Chloriaet-2,  Has te l loy  B, Durichlor,  Titanium, Vanadium, 
Nimcif i i -c  90, S t a h l e s s  S t e e l  A I S 1  304, Nickel,  Chronium, Iron. We ha- 
- ~ a  r e t a i l e d  : Tantalum, Molibdenum, Zirconium-Xiobium a l l o y ,  Zirca- 
13y-2 a n d  Riobium. A l l  t e s t shave  been done in g l a s s  capsules ,  !vi% an 
ex te rna l  compensatirg pressure when necessary.  The r e s u l t s  a r e  suurna- 
r i z e d  in t he  following t a b l e s  : 
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Molibd enum 
Z r  2,5$ Nb a l l o y  
Zircaloy 2 

I 

Test  temper?;$rL 2OOOC 

,3 N 2  - 5  - 6  
4 3  N 4  d 7  

4 14 

< l  
H 3  
a 3  - 4 9  w 12 

Mater ia l  

Molibd enum 
Z r  2,5$ Nb a l l o y  
Zircaloy 2 
Niobium --- 

-- COUPLING WITH THE HTGR 

The cycle lark-1 d r a w s  hea t  at  d i f f e r e n t  temperatures,  the maxi- 
mum temperature being 7300'2. These q u a n t i t i e s  can be p lo t ted  i n  a 
diagram, with the temperature in O C  as ord ina te ,  a n d  the quant i ty  o f  
hea t  (Kcal/mole H2) as absc issa .  
We can draw in t h e  same diagram a shj. lar  p l o t  f o r  the  hea t  c a r r i e r ,  
and the  dis tance between these l i n e s  w i l l  r epresents  the  a T in the 
hea t  exchangers. The amounts o f  hea t  represented by these  l i n e s  a r e  
indexed according t o  t h e  flow-sheet o f  f i g .  2 and t o  the de ta i led  
por t ion  of i t  as in f i g .  8.  We c a n  see in f i g .  9 how the  heat  quanti- 
t i e s  4,2 , Q I 1  , Q4 
f l u i d  is represente9 ;it'? dot ted ?ines .  The f i g u r e s  r e f e r  t o  the  pro- 
duct ion of 1 mole o f  H9. 

Q 4 a n d  Q3 f i t  i n  the  diagram. The heat ing 

With the  ini t ia l  zemperature o f  t he  f l u i d  a t  8 5 O o C  a d  a m i n i -  

If we put i n  p a r a l l e l ,  as  i t  i s  shown in f i g u r e s  2 a n d  9, the  I 

mum A T  of 400'2 we ob ta in  the  l i n e  a ) ,  with a mass-flow corresponding 
t o  a h e a t  capac i ty  of  540 cal/deg.C. 

hea t  exchangers 11 and 12 we obta in  l i n e  b ) .  It i s  seen how the s p l i t -  
t i n g  of the-heat c a r r i e r  i n  two streams in t h e  high temperature region 
permits  a lower f i n a l  temperature f o r  the  hea t  c a r r i e r .  This  i s  a l so  
the  temperature of re -en t ry  i n t o  the  r e a c t o r ,  which i s  f a i r l y  c r i t i -  
c a l  due t o  the  ma te r i a l  problems i t  involves f o r  t he  base o f  the  reac- 1 
t o r  core .  

Another p o s s i b i l i t y  i s  that o f  b leedin  pa r t  of the  heat  car- 
r i e r  a n d  d i v e r t i n g  i t  t o  make e l e c t r i c i t y .  $ f ig .  9, l i n e  c ) .  In  both \ 
cases  we have the  p o s s i b i l i t y  of producing mechanical o r  e l e c t r i c a l  
energy f o r  opera t ing  t h e  a u x i l i a r i e s  of the  p l an t  a n d  o f  the reactor .  
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ac t ion ,  taken as 73OOC; lowering t h i s  temperature corresponds t o  an 
unacceptably low concentrat ion o f  t he  hydrobromic acid produced in 
the  reac t io l l .  On the  cont ra ry ,  t he  temperature l e v e l s  of t he  hea t  
blocks Q4O 9 434 , Qi2 , can be sh i f t ed  by a c e r t a i n  amount wi th  re- 
spect t o  the va ues  iven above; t he  consequence of these  s h i f t s  
w i l l  be the  v a r i a t i o n  of the  pressure in some chemicd  s teps .  

These modif icat ions may be use fu l  f o r  a b e t t e r  matching, bet-  
ween the  heat ing f l u i d  l i n e  and  t he  Q l i n e s ,  with a final lower mass- 
f l o w  r a t e .  For instance i f  we could  r a i s e  the  temperature of t h e  reac- 
t o r  coolant t o  9OOOC ne could envisage a countercurrent  s e r i e s  arran- 
gement f o r  t'ne hydro lys is  r e m t i o n ,  as it appears in f ig .10  , a n d  
a lowering o f  5OoC, from 50OoC t o  55OoC, of the  hea t  block Q 
mits the  coupling indicated in f i g .  11. It is evident  thai; tk! %&e 
o f  the  dotted l i n e  is  q u i t e  higher  : t he  mass-flow is nom reduced t o  
230 cal/deg. C and  the  f inal  coolant  temperature is as low as 290aC, 
even without bleeding. 

t o r ,  e.g. helium. B u t  i n  order  t o  reduce the  p o s s i b i l i t y  of contami- 
na t ion  we thougth i t  would be b e t t e r  t o  transfer t h e  hea t  from the  
primary coolant; o f  the  r e a c t o r  t o  an intermediate  h e a t  c a r r i e r  (he- 
l i u m  or b e t t e r  steam) by a hea t  exchanger i n s t a l l e d  i n  the  r e a c t o r  
vesse l .  The long term objec t ive  is the  use of steam both  as an ener- 
gy c a r r i e r  a n d  as a chemical, e l imina t ing  all t h e  intermediate  heat  
exchangers. 

A very i n t e r e s t i n g  point  i s  that most of t'ne hea t  produced by 
the nuc lear  r eac to r  is c o r r e c t l y  u t i l i z e d  in the  chemical p l a n t ,  SO 
that the  system is inherent ly  a single-purpose one. 

The p lan t  r e j e c t s  the  degraded hea t  (around 50$ Of t he  input )  
i n  the  form of saturabed steam at 120-130°C. Expanding t h i s  steam 
through a turbine and condc?nsing i t  p e r n i t s  the  production o f  a sei-  
zable amount o f  e l e c t r i c i t y  t o  be used in $he p l a n t ,  expec ia l ly  t o  
run the  blowers of t he  r eac to r .  It might eventua l ly  be  used f o r  a de- 
ealhation plant o r  f o r  a heavy water p lan t .  

A f ixed c r i t i c a l  po in t  is the  temperature of t he  hydro lys is  re- 

Our hea t  c a r r i e r  can be t h e  primary coolant of t h e  nuc lea r  reac- 

ECONONIC CONSIDERATIOI?S 

A precise  economic evaluat ion of the  cos t  o f  t h e  hydrogen pro- 
duced by the  Nark-1 process  is  not  poss ib le  with the  i n f o m i - i o n s  
ava i l ab le  now on t he  y i e l d s  and on k i n e t i c s  o f  the  va r ious  r eac t ions  
o r  the  kind of ma te r i a l s  necessary f o r  t h e  apparatus .  

Nevertheless it is poss ib le  t o  f i x  the  frame in which the pro- 
ces s  has  t o  fit t o  be competit ive.  

E.g. we can c a l c u l a t e  the "room f o r  investmentpt, t h a t  is  the  ma- 
ximum a m o i m t  o f  c a p i t a l  that can be invested in the  hypothesis  o f  a 
hydrogen pr ice  competit ive with the  hydrogen pro.luces today by steam- 
reforming of n a t u r a l  gas .  To f ind  t h i s  w e  parametrise a c e r t z i n  num- 
ber  of technological  d a t a  : 

a )  t he  cos t  of nuc lear  c a l o r i e  
The cos t  of t he  nuc lear  hea t  produced by an HTGB of  aboui; 3 000 
Mwth is  usua l ly  indicated t o  be in  the  o r d e r  at 1 mil/Hcal  (18). 
We'll  take a range between 0.75 t o  1.25 m i l s h c a l .  

b) t he  thermal e f f i c i ency  of t he  chemicalxzocess  
This e f f i c i eccy  can be defined 9 s  the  r a t i o  between H2 combustion 
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heat  and the  primary hea t  necessary t o  produce it .  
Such d e f i n i t i o n  is  somehow equivocal because the  hea t  of combus- 
t i o n  can be assumed t o  include o r  no t  t he  condensation of the  wa- 
t e r  produced, a n d  because waste hea t  i s  re leased  from the process 
as steam at temperatures s t i l l  i n t e r e s t i n g  f o r  the  production of 
e l e  c t r i c  it y . 

E.g. with the  hea t  re jec ted  f r o m  blocks 14, 22 a n d  23 ( f ig .2 )  
by a p lan t  equipped with the 3,000 Mwth r e a c t o r ,  it would be pos- 
s i b l e  t o  operate  low-pressure steam tu rb ines  f o r  100 + 150 Mwe. 
The f r a c t i o n  of t h i s  e l e c t r i c i t y  not- used in s ide  the  p lan t  should 
be properly discounted f r o m  the  primary hea t  budget. 

With the hea t  source at 75OoC, the  hea t  s ink  at  25OC, a n d  ope- 
r a t i n g  the  water decomposition process  in  a r e v e r s i b l e  wayt with 
mater ia l s  (water ,  hydrogen a n d  oxygen) en ter ing  and leaving  the 
process a t  25OC a n d  1 a t m ,  the  thermodynamical e f f i c i ency  i s  
M 0.85 Funk ( 4 ) .  The temperature o f  25OC means t h a t  water i s  li- 

t h a t  t h e  higher  value f o r  the  combustion hea t  o f  H2 
i s  taken. For our e f f i c i e n c y  eva lua t ions  we u- 

s u a l l y  assume the  lower combustion hea t  (2,500 Kcal/Nrnj), a n d  we 
f ind  ac tua l  e f f i c i e n c i e s  in the  o r d e r  of 0.4 - 0 . 6 .  This  i s  the 
range chosen f o r  t h i s  parameter. E l e c t r i c i t y  production is neglec- 
t ed .  

c )  the  oxygen c r e d i t  
The european mean p r i c e  f o r  oxygen i s  around $ 6/ton; f o r  our cal-  
cu la t ions  a maximum c r e d i t  o f  $ 4/ton i s  taken,  corresponding t o  
2.9 m i l s / N m % 2 .  

a )  heavy water c r e d i t  
By contact ing the  incoming water wi th  the  outgoing hydrogen i n  an 
i so top ic  exchange column, Deuterium can be trapped in t h e  H2 p lan t ,  
e . g .  at  a f a c t o r  of  t e n  enrichment, and bled t o  a f i n i s h i n g  p lan t .  
With current  j r i c e s  f o r  D20 we have evaluated a n e t  D20 c red i t  o f  

rJ 3 m i l s / N m  H2 (Market value o f  t he  D20 produced i s  a r o u n d  7 m i l s  
Nm3H2. 

Credi t s  ( c )  a n d  (d )  can be very  important i n  e s t ab l i ah iug  the pro4 
f i t a b i l i t y  o f  the  f irst  p lan t s .  The l ea rn ing  curve f o r  t he  process 
s h o u l d  l a t e r  take  care  o f  t h e  diminishing value t h a t  can be al located 
t o  these by-products, once t-kc market will be swamped. 

Fig.  12 g ives  t h e  roo f o r  investment as a func t ion  of these pa- 
rameters  tak ing  12 m i l s / N m ~  as the  reference pr ice  f o r  the  hydrogen. 
E.g. with the  nuc lear  c a l o r i e  a t  1 m i l h c a l ;  a thermal 3f f ic iency  Of 
0 .5  a n d  an oxygen c r e d i t  of $ 4/ ton  we have 9.9 m i l s / N m  H avai lable  
for f ixed  cos t s .  In  4 conventional steam reforming p l an t  gixed cos t s  
a r e  around 4 m i l s / N m  H . 
t e r s  i s  ind ica t  d i n  f i g .  13, where the  reference poin t  assumes: f ixed I 

c o s t s  6 m i l s / l J m  , thermal  e f f ic iency  0.5, cos t  of  t he  nuclear  heat 
1 m i l b c a l  a n d  oxygen c r e d i t  $ 2/ton. 

1 

I 
The s e n s i v i t y  of ?he hydrogen p r i ce  in r e l a t i o n  t o  these parame- 

3 
As the cos t  o f  ou r  hydrogen i s  a l m  st purely technological(ura-  

I 
nium co t e n t e r s  f o r  l e s s  than 1 m i l / N r n  s H2 a n d  can be l e s s  than 0.1 
m i l s / N m  3 H2 i n  t h e  case of b reede r s ) ,  t he re  i s  no rock-bottom cos t ,  

I 

a n d  t h e  cos t  w i l l  decrease exponent ia l ly  as a func t ion  of the in te -  
grated amount produced, according t o  a general  r u l e  va l id  f o r  a l l  the 
mass produced chemicals ( 1 9 ) .  This  means t h a t  i f  we can achieve compe-; 
t i v i t y  i n  the  chemical hydrogen market, it i s  only a quest ion of ti- 
me t o  become competive in t he  energy market. Th i s  because t h e  



cos t  o f  n ine ra l s  in  general  .and Tue1.a in p a r t i c u l a r  tends t o  slowly 
r i s e  with time. 
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FIG. 1 Mark-1 block diagram 
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FIG3 Hydrolysis equilibrium constants as a 
function of temperature 
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I HEATING FLUID 

FIG. 8 Mark-l flow-Sheet- Detail of the hydrolysis 
step 
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PROSPECTS FOR HYDROGEN FUELED VEHICLES 

Roger J. Schoeppel 

Oklahoma State University 
Stillwater. Oklahoma 

Modern civilization i s  generally said to  be  a consequence of the industrial  
revolution; a striking outward manifestation of which i s  the automotive vehicle. 
Whereas the  transit ion f r o m  animal  t o  mechanical means  of propulsion was accom-  
panied by a n  increased mobility, this t rans i t ion  has  not occur red  without some 
accompanying undesirable s ide  effects. One of these ,  environmental pollution, i s  
now globally recognized and presents  a r ea l  challenge for  i t s  solution. 
impending energy c r i s i s ,  i s  due t o  the insatiable appetite for energy brought about 
by an expanding population and a r i s ing  affluence. 
pollution is largely attr ibuted to  a n  apathy for  the consequences of l a rge - sca l e  con- 
sumption of cer ta in  f o r m s  of energy. 

Another, an 

The two a r e  cor re la t ive  since 

Some recent developments in internal combustion engine technology may  have 
provided not only a viable solution to  the environmental-energy d i lemma but a l so  a 
convenient mechanism fo r  t ransforming  to a l e s s  polluting society. 
involves a novel method of designing internal combustion engines so  they can smoothly 
and efficiently opera te  on hydrogen. The purpose of th i s  paper i s  to  review the oppor- , 
tunity offered b y  this capabili ty and t o  forecas t  i t s  probably future influence. The 
discussion will p r imar i ly  be concerned with the use  of hydrogen in ground vehicles 
although it i s  obvious hydrogen can  be  substituted for any other fuel now in  use. 

The development 

I 
P r i o r  Work 

I 
E a r l y  attempts t o  use hydrogen a s  a fuel in internal combustion engines were 

reported by Cecil i n  18201 and by Barsanta and Matteucci in 1854. 
f i r s t  significant contribution to  the  field waited until 1933 when E r r e n  designed and 
built s eve ra l  engines which could operate on e i ther  hydrogen, conventional fuel, o r  
their mixture.  1* His m a j o r  problem and one that h e  was unable to  overcome was 
detonation of the hydrogen-air  mix ture  upon ignition. 

However, the 

1 

I 

, 
After World War  11, King and assoc ia tes  at the University of Toronto performed 

a n  extensive study using hydrogen a s  an engine fuel. * They found, a s  did Er ren ,  that 
detonation was a formidable problem which could only be overcome by painstaking 
cleaning of the combustion chamber  at l ea s t  every  12 hours of operation. Apparently, 
t hese  discouraging resu l t s  had reduced in t e re s t  in developing a carbure ted  a i r -  
breathing hydrogen fueled reciprocating engine. 

An effort was initiated at Oklahoma State University in 1968 to t r y  to  design I 

I, ' 

around the problems of pre-ignition and detonation which had troubled ea r l i e r  workers? 
The design approach se lec ted  was  d i rec t  cylinder injection of gaseous hydrogen in a 
manner  s imi la r  to  fuel injection in  a d iese l  engine. This effort has resulted in the 
sa t i s fac tory  conversion t o  hydrogen of four different engines originally designed to  
run  on gasoline. 
emiss ions  tes t s  with one  of t hem has yielded the following i n f ~ r m a t i o n : ~ - l O  

Exper ience  with these  engines including extensive performance and 
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b 

1 
\ 

1. With re ference  to a gasoline engine converted to run on hydrogen, i t  i s  
possible to "drive" a hydrogen engine to  a higher horsepower output thar. 
was possible with gasoline fuel before  its conversion.  

2. The only undesirable  emiss ions  of significant concentration from a hydro- 
gen engine a r e  oxides of nitrogen (NOX). 
operating conditions but averaged about 2 .0  g r a m s  NOX p e r  brake  h o r s e -  
power-hour. 
f r o m  i t s  gasoline counterpar t .  

These  w e r e  fo.und to  v a r y  with 

This  rate of NOX production is about t e n  t i m e s  l e s s  than 

3. The hydrogen engine can  opera te  smoothly with compress ion ,  glow o r  spar!. 
,gnition. 
,n inimum idle  speed possible with gasOline fuel. 

With s p a r k  ignition, i t  c a n  be idled down t o  about one-half the 

4. The hydrogen engine i s  e a s y  to s t a r t ,  responds rapidly to different r a t e s  
of fuel  injection, and runs cooler  under low t o  in te rmedia te  loads than i t s  
gasoline equivalent. 

From. the  foregoing, it i s  concluded that  an automobile proper ly  designed to riin 
on hydrogen should be able  t o  m e e t  the 1975/76 federa l  emiss ion  s tandards.  

Bas is  for F o r e c a s t  

This  section at tempts  t o  a s s e s s  some  techno-economic f a c t o r s  and political ci I:.. 
cumstances  which m a y  influence the  future  pa t te rn  of automotive vehicle development. 
Also included in  the a s s e s s m e n t  a re  environmental  and energy  r e s o u r c e  management 
considerations.  
pa r t i a l  response  to  the  challenge presented  by  the 1969 U. S .  Senate report:" The 
Search fo r  a Low Emiss ion  Vehicle. 

This  i s  the  bas i s  f o r  the technological forecas t  which i s  made  i n  

Environmental Constraints  

The re  a re  many instances of pollution assoc ia ted  with no rma l  and accidental  
activit ies of dril l ing,  producing, t ransport ing,  refining, distributing, and consuming 
conventional hydrocarbon fuels.  
mental  decay. 
cos ts  on to  the consumer .  
e lectrolysis  of water.  
would appear  to  cause  less pollution overal l .  
native a re  the  motor  vehicle emiss ions  s tandards  prescr ibed  by the Clean  A i r  Act as  
amended. These  requi re  that automobiles achieve a 9 0  percent  reduction f r o m  1970 
emiss ions  levels  of carbon monoxide and hydrocarbons by the  1975 model  y e a r  and a 
90 percent  reduction f r o m  1971 emiss ions  of ni t rogen oxides f o r  the  1976 model  year .  
P re sc r ibed  s tandards f o r  new light-duty motor  vehicles  f o r  1973 and success ive  y e a r s  
a r e  as  follows:12 

Collectively these  contribute cons iderably  to environ- 
Industry c a n  and will  c lean  i tself  up but m u s t  be  permi t ted  t o  pass  such 

An a l te rna te  approach i s  to use hydrogen fuel produced by 

Of immedia te  significance to this  a l t e r -  
Although such a solution would requi re  a long- te rm effort, it 
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Model Year 

Federa l  Standards fo r  Composite Emissions f r o m  Light-Duty 
Vehicles on a Driving Cycle,  g r a m s / m i l e  

Hydrocarbons 

1973 3 . 4  (3. O)?. 
* 

1974 3.4 (3. 0) 

1975 0. 41 

Carbon monoxide Oxides of Nitrogen 

39. 0 (28. O)-' .  

39. 0 (28. O)-'. 

3.0 ( 3 . J  

3 .0  (3.1)- 

3.4 3 .0  

1976 and la ter  0.41 3 .4  0 . 4  

sNumbers  in parenthesis  represent  s tandards being considered 
f o r  adoption 

It i s  significant to note that by 1976, any vehicle covered by these  specifications 
will be permitted to  emi t  0 .41 grams of hydrocarbons,  3 .4  g r a m s  of carbon monoxide, 
and 0.4 g r a m s  of nitrogen oxides p e r  mi le  of a typical 7. 5 mi le  driving cycle. 
whether one additional person  i s  c a r r i e d  in  a 2-passenger  vehicle, o r  many in a 9- 
passenger  one, each vehicle will only be permit ted to  emi t  so much pollution to  the 
atmosphere.  Also, s ince l a r g e  engines emi t  m o r e  pollutants than do s m a l l e r  ones,  
and unless  some other  provis ions a r e  made,  the enforcement of these  regulations will 
cause  the d iwppearance  of vehicles  with l a rge  engines. 

Thus,  

Associated automobile com- 
for t s  of space,  a i r  conditioning, power equipment, safety, accelerat ion and speed may 
a l so  have to be sacrificed. In cont ras t ,  these  changes m a y  not be n e c e s s a r y  with hydro- 

gen fuel. / 
It a l so  appears  a s  i f  the  automobile industry m a y  be unable to m e e t  the required 

1976 federa l  emissions s tandards  at a cos t  that  can reasonably be passed on to the con- 
s u m e r  unless;  

a )  the allowable pollution level  is relaxed for  one o r  m o r e  of the controlled 
emittants o r  

b) a federal  subsidy o r  equivalent i s  enacted to  support  a portion of the costs. 

In this  connection, it a p p e a r s  worth mentioning that sufficient technology now 

1 
1 

exis ts  t o  enable the design of a rel iable  engine that could meet  the 1976 emissions stan- 
dards .  The technology does not exist, however, to be able  to accomplish this  objective 
at a reasonable  cost. In 
th i s  regard  it will be interest ing to  learn  of the  recommendations to  the E P A  of the 
Motor Vehicle Emissions Commit tee  of the National Academy of Sciences who have 
recent ly  been charged with determining whether the automobile industry i s  technologi- 
cally capable of designing and mass-producirf  a re l iable  engine that can  meet  the 
f ede ra l  motor  vehicle emiss ions  s tandards.  

1 Hence, the  problem i s  purely one of relative economics.  

Energy Management 
I 

The di lemma between environmental  pollution and an abundance of low-cost energy 
is one that will have to  be resolved by the public--provided it i s  offered the  alternative. 
Unfortunately, however, t h i s  ant i thesis  can not be resolved until an abundance of energy, 
o r  a t  l ea s t  an  abundance i n  the  f o r m  that  is des i red ,  becomes available. 
is the key to  survival of our  society,  its adequacy m u s t  be insured before stringent 

,- 
Since energy 
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pollution regulations can be enforced. Accordingly, a permanent  solution t o  the a i r -  
Pollution-from-vehicles-problem can  only be solved f r o m  a total  energy management 
point of view. 
(TEMS) in  which hydrogen becomes  the basic  energy fuel. l4 The  s y s t e m  proposed pro-  
vides for  the optimum management of ou r  energy r e s o u r c e s  so a s  t o  place a minimum 
s t r a in  on the delicate ecological balance of the environment. This concept was expand- 
ed by proposing a Total World Energy Management Sys tem (TWEMS) with i t s  p r i m a r y  
function being to  optimize energy uti l ization worldwide while simultaneously attempt- 
ing to  minimize  pollution. l5  The  c rea t ion  of national and international "Energy  
Institutes" with s imi l a r  such objectives is cu r ren t ly  p i n g  considered at the United 
Nations sponsored Human Environment Conference. 

One such proposal  is to  c r e a t e  a Total  Energy  Management Sys tem 

1 

Substitutabilitv 

Hydrogen is substitutable with any o the r  mine ra l  fuel cu r ren t ly  available. I ts  
use has  a l ready been demonstrated in  reciprocating internal  combustion engines and 
turbines.  F o r  energy con- 
version via fuel cel ls  the technology in this  a r e a  is fu r the r  advanced fo r  hydrogen than 
any other  fuel. Its importance in air t r ave l  i s  shown by a companion paper at this  con- 
ference proposing to use liquid hydrogen in  hypersonic t r a n s  or t .  l 7  Finally,  the roles  
hydrogen could play in  substituting fo r  gasoline nationwide, If; o r  improving a n  urban 

fo r  New York City, that  a)  hydrogen produced with off-peak power could supply over 
half of t he  expected 1985 energy needs for t ransportat ion,  b) i t s  cost  could be a s  lcw 
a s  $0. 04 pe r  pound making it quite competit ive with conventional fuels ,  and c )  that  5 , 3 3 1  

Adaptation to external  combustion engines i s  even s imple r ,  

\ environment, l9  have been a s ses sed .  In the  urban  environmental  study, it was shown 

'I 
' million pounds of pollutants would be emitted f r o m  gasoline powered 1985 vehicles a s  

compared  to 216 million pounds of emissions f r o m  those s a m e  vehicles  if  they were  
fueled with hydrogen. 

Hydrogen posses ses  some  unique physical and chemical  p rope r t i e s  which offer 
an advantage over  conventional fuels and thus influences i t s  substitutability. 
place, i t s  wide flammabili ty l imi t s  make  it an ideal  mo to r  fuel. (This  was  demon- 
s t ra ted under a no-load condition with our  hydrogen engine, f o r  example,  where  it was 
ex t r eme ly  difficult to  get e i ther  too r ich o r  too l ean  of a fuel mix tu re  fo r  the engine to 
burn. 
gen fuel i f  the l a t t e r  i s  used to  promote hydrocarbon fuel oxidation in  the lean com-  
bustion region where the production of nitrogen oxides is  l e a s t  favored. ) Next, its 
ex t r eme  volatility coupled with its flammabili ty would make  fo r  much e a s i e r  s tar t ing 
in cool c l imates .  
enables it to be conveniently s tored at ambient p r e s s u r e  and t empera tu re .  Since the 
reactizm i s  revers ible ,  i t  can be  r e l eased  f r o m  th i s  inactive state m e r e l y  by the addi- 
tion of heat. 
if it were  used thusly to r e l e a s e  hydrogen. Th i s  energy could then be  regained during 
the recharging of the hydride i f  desired.  

In the f i r s t  

This feature  could be used advantageously in  the t ransi t ion f r o m  foss i l  t o  hydro- 

Thirdly,  i t s  abil i ty t o  chemiso rb  with c e r t a i n  me ta l s  to  f o r m  hydrides 

Much of the heat  re leased by internal  combustion engines could be s tored 

Other cha rac t e r i s t i c s  of hydrogen which influence i t s  substi tutabil i ty are: 
1) its light weight and high energy density which gives i t  des i r ab le  s to rage  features  of 
pa r t i cu la r  value in a i r c r a f t  and space  vehicles,  2) its high flame speed enabling the 
design against  flame-out and ha rdware  for  control of the high frequency f l ame  je ts  
used in the engine design reported herein,  3)  a low f lame incandescence which signi- 
f icantly reduces radiation (accordingly affecting the overal l  engine t empera tu re ) ,  
4) its clean burning offer ing a n  opportunity f o r  prolonged operation without oil  change 
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o r  the  design of t r u e  muff ler  sys tems r a the r  than a l so  t ransport ing the  emissions to 
a location where the i r  toxicity i s  unimportant (the number of deaths  result ing f r o m  
accidental  carbon monixide poisioning each y e a r  i s  considerable) ,  and finally 5)  its 
low activation energy which o f fe r s  an opportunity fo r  engine designs using glow 
ignition instead of cost ly  and t roublesome spark  ignition. I 

I 

1 

T h r e e  additional t ime dependent fac tors  which influence hydrogen's substituta- 
bility a r e  its short  and long- te rm availability, i t s  re la t ive safeness ,  and i t s  cost. 

hydrocarbons and being consumed in  ore-reduct ion p r o c e s s e s ,  chemical  synthesis ,  and 
space exploration. Since hydrogen i s  essent ia l  in  producing synthetic oil and gas f rom 
coal o r  o i l  shale, f i r s t  p r ior i ty  fo r  its increased  production should be allocated to  
expanding our  energy base.  F u r t h e r m o r e ,  s ince the e lec t r ica l  generating faci l i t ies  of 
the nation a r e  hard-pressed  t o  meet c u r r e n t  demand, it does not appear  that  t he re  will 
be any significant opportunity in the immediate  future  for  the  development of an excess 
hydrogen supply. 
and Singer:20 

Current ly ,  production faci l i t ies  a r e  l imited with supplies pr imar i ly  coming f r o m  1 

i 
i 

i The c i rcumstances  involved have been summar ized  by McKelvey 

"In the longer  t e r m ,  o u r  biggest problem will be energy and the only I 

hope f o r  the continuation of civilization lies i n  the  development of nuclear  1 
b r e e d e r s  and fusion to maintain an inexhaustible energy supply. Many 
economists and bureaucra ts  fail to understand that m a j o r  scientific develop- 
ments  do not come about automatically in  response to  pr ice  increases .  
Unless the n e c e s s a r y  r e s e a r c h  and development i s  done ear ly  enough we 
m a y  be i n  r ea l  t rouble .  " 

Insofar a s  safety i s concerned,  liquid hydrogen has  been compared on a relative 

1 
/ 
4' 

basis  as  being a s  safe as methane and gasoline. 21 In th i s  comparison,  the negative 
aspec ts  of hydrogen's wide f lammable l imi t s ,  low ignition energy and tendency to  
detonate in  air when confined were  thought to be balanced by i t s  posit ive fac tors  of 
low heat  radiation, lack of smoke to cause  asphyxiation, non-toxic vapors ,  unlikely 
detonation if spilled and rapid evaporation. It would appear  that hydrogen s tored in  
the solid (hydride) f o r m  at ambient  conditions, instead of a s  a liquid, should be even 
l e s s  hazardous to  work with, and correspondingly eas i e r  to  design safe  handling systems 
than f o r  gasoline. 

) 

1 
1 

The relative cost  of hydrogen v e r s u s  gasoline f avor s  hydrogen provided it i s  
made on a la rge  sca le  as is now done with gasoline. T h r e e  separa te  economic studies 
which support  this  contention a r e  contained in  re ferences  22 ,  23, and 24. The econo- 
mic  incentives for  conversion to  hydrogen can be expected to continue to improve a s  
the cos t  of gasoline i n c r e a s e s  which it must  do i f  the pr ice  f o r  c rude  oil i s  allowed to 
swing with the  supply-demand situation. An imbalance of foreign t r ade  brought about 
in  p a r t  by this nat ion 's  o i l  i m p o r t  p rogram will probably continue to build up economic 
def ic i ts  which fur ther  i n c r e a s e s  both the short  and long-term economic outlook for  
hydrogen. 

Hydrogen Vehicle F o r e c a s t  

One black sheep which could easily be the technological-environmental  scape 
goat is hydrogen. 
nant role  in a "hydrogen economy' '  e r a  sometime in  the future. 
WeinbergZ5 in 1959 proposed that nuclear energy be used a s  the fuel of the future to 

This re la t ively unappreciated element is foreseen  to play the domi- 
Toward this  aim 
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power smal l  sca le  mobile units with electrolytic hydrogen. 
LessingZ6 claimed that  hydrogen will be the m a s t e r  fuel of a new age  providing first 
an energy source  for  engine (fuel cel l )  operation and subsequently e lec t r ica l  power 
direct ly  f r o m  the  a tom via the process  of controlled fusion. 
the concept of a nuclear  reac tor  centered Agro-Industr ia l  complex, assumed hydrogen 
would play an important  role  in producing ammonia and for  reducing m e t a l  o res .  
L a t e r  Weinberg and Harnmond" presented a very  posit ive outlook f o r  the  prospec ts  of 
cheap hydrogen. 

Severa l  y e a r s  l a t e r ,  

Hammond, 27  in discussing 

Hydrogen's bid as a future  fuel is c lear ly  evident in t h e  t ranspor ta t ion  sec tor  
where the  demands fo r  mobile  power a r e  flexibility and intermit tent  use.  
futur is t ic  "electr ic  economy, I '  the energy used in  any mobile power unit m u s t  have 
previously exis ted at some previous t ime in  the f o r m  of e lectr ic i ty .  With this  in  mind, 
an  expansion of the definition of "electr ic  auto" i s  proposed to  include vehicles powered 
by bat ter ies ,  fuel ce l l s ,  and hydrogen fueled internal  combustion engines,  and turbines  
provided the fuel i s  o r  has  been in the f o r m  of e lectr ic i ty  a t  one t i m e  o r  another.  Accord-  
ing to th i s  definition, a new breed  of e lec t r ic  autos is visualized a s  including vehicles 
powered by hydrogen fueled in te rna l  combustion engines which r e q u i r e  v e r y  l i t t le  i f  
any change in  serviceabi l i ty  o r  mode of operat ion over  the i r  gasoline counterpar ts .  

In the 

During the t ransi t ion to  hydrogen many modifications of p r e s e n t  internal  com-  
bustion engines will be made so  that  both fuels  can  be burned simultaneously.  
engines will be designed and built exclusively for  hydrogen operation. The hydrogen 
fueled internal  combustion engine is expected to  power the  first e l ec t r i c  autos  which 
receive wide acceptance because of the high degree  of perfect ion of modern  engines 
and the i r  relatively low cost. 
e lec t r ic  m o t o r s  along with a power supply. 

\ ' 
' 
, 

*, o r  fuel ce l l s .  

Also 

Second and third generation e l ec t r i c  au tos  will use 
These  may be e i ther  s torage  ba t te r ies  

Comparison of fuel ce l l s  and s torage  ba t te r ies  immediately br ings  out a basic  

F o r  a given ba t te ry  s ize  only a 
A fuel ce l l  on the  o ther  hand can con- 

I difference in  the i r  nature .  
s torage  capacity by the  initial amount of reactants .  
p rede termined  amount of energy m a y  be s tored.  
ve r t  an unlimited amount of energy,  the ce l l  of c o u r s e  being subject  t o  wear  out. 
known that  the  reliability of s torage  bat ter ies  and of fuel ce l l s  i s  roughly equivalent. 

However, due 
t o  the i r  weight and charge  l imitat ions,  they will be used only in  a special ized a r e a - -  
urban (shor t - range)  transportation. This  type of vehicle is t h e r e f o r e  thought of a s  a 
second generation e lec t r ic  auto. Such a sys tem would have a self-contained recharger  
re lying only on a source  of cur ren t ,  and could provide convenient, economical shor t -  
range t ransportat ion.  

Storage ba t te r ies  a r e  s t r ic t ly  l imited in  the i r  energy 

It i s  

E lec t r ic  autos using s torage  ba t te r ies  will be used extensively.  
'\ 
' 
' 

Ultimately a hydrogen-oxygen o r  hydrogen-air  fuel ce l l  will provide the motive 
\\ power f o r  the t ransportat ion sec tor .  

Benefits in Conversion to Hydrogen Vehicles 
1 

M o r e  so than any o ther ,  th i s  nation has  fos te red  the  development of a society 
whose p e r  capita energy consumption can  only be matched by the leve l  of affluence 
offered to  i t s  citizens. Although no other  society has  known such opulence, the experi-  
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experiment  has reached such proportions of acceptance that secondary effects such 
a s  environmental  degradation a r e  now of p r i m a r y  concern.  

Rather  than accepting prescr ibed  levels  of pollution a s  a corol lary to the f r ee  
en terpr i se  system, it would appear  our nation has  a unique opportunity to  lead in  the 
molding of a society which maximizes  the rat io  of p e r  capita energy consumption to 
per  capita pollution. That  i s ,  i f  the  level of affluence of a society (or  its ability to 
use natural  resources)  can  be measured  by i t s  per  capita energy consumption, and 
i ts  r a t e  of misuse  of na tura l  resources  by i t s  p e r  capita pollution, then it would seem 
desirable  to  i t s  c i t izens t o  t r y  to  maximize the f o r m e r  while minimizing the la t te r .  
If such a direction could be accepted a s  a national goal, then it becomes c lear  in  which 
a r e a s  legislation i s  needed and what the National Energy Policy cur ren t ly  under formu- , 
lation, fo r  example,  should prescr ibe .  If this  nation does not enjoin leadership in 
preserving the environment or i f  it waits while the level  of energy consumption r i s e s  
in the r e s t  of the world,  then the  secondary effects of pollution could become the  pr i -  
m a r y  concern of a l l  humanity.  I 

It i s  believed that acceptance of the concept of hydrogen fueled vehicles i s  one step 
toward avoiding such an eventuality. 
economic growth and nat ional  prosperity.  

Once accepted, i t  could provide the stimulus for  

i 

! 

1. "The hydrogen-oxygen fuel cel l  - fuel  i s  the s a m e  and s o  
i s  i t s  source.  

"The e lec t r ic  vehicle  - in  the hydrogen engine, the  
ult imate s o u r c e  of energy i s  the s a m e  a s  fo r  charging 
bat ter ies ,  but w a t e r  is  electrolyzed instead of 
bat tery chemica ls  being regenerated.  

2. 

I 3.  "The working fluid i s  s team plus a i r  - so we would have, in 
effect, an in te rna l  combustion s team engine operating on the Otto 
cycle r a the r  than an  external  combustion Rankine engine. 

4. "In the  global perspec t ive ,  petroleum resources  would shrink in  I 
importance,  while nuclear  energy resources  would increase  propor-  
tionatelv to  m e e t  needs  of e lectr ic i ty  for  hydrogen production. 
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5. "Emissions a r e  s t eam only, plus t r a c e s  of ni t r ic  oxide formed 
perhaps during periods of peak power demand. This  s t e a m  could 
f o r m  nimbus o r  cumulus clouds, r e tu rn  as rain where  it could be 
electrolytically dissociated again. 

"Catalysts a r e  not required.  I '  6. 

The fact  that  hydrogen will promote gasoline oxidation thus enabling combustion 

I I 
1 
I .  
I without mis f i r e  up to 20:1 a i r - fue l  ra t ios  could be utilized in the long t e r m  phasing 

out of gasoline and phasing in of hydrogen. 

Conclusions 

The  conversion of vehicles f r o m  conventional fuels t o  hydrogen is f o r e c a s t  to 

The prospects  f o r  development of a total energy s y s t e m  which p ro -  I fulfill a m o r e  viable long-range solution to  the a i r  pollution problem than any hereto-  
fo re  proposed. 
duces hydrogen f r o m  a n  abundant natural  r e source ,  water ,  and replenishes  this  
supply upon combustion in an engine whose emissions a r e  a lmost  pollution-free,  
appears  to be a worthwhile effort  to pursue.  ' 
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HYDROGEN FUELED HYPERSONIC TRANSPORTS 

R. D. Witcofski 

NASA Langley Research Center 
Hampton, Virginia 

INTRODUCTION 

Aeronactical vehicle development beyond M = 3 has been restricted in large 
measure by limitations in the state of technology of high-temperature, high-strength 
materials; for example, application of turbojet propulsion is restricted to M < 3.5 
by turblne-blade tenperature limits and uncooled airframes begin to require super- 
a l loy  metals at fhch numbers somewhat higher than this. Whereas, steady progress has 
been marie in research on high-temperature materials for advanced high-speed aircraft, 
the mosy, stirnulatirig finding for the prospects of hypersonic cruise aircraft has 
come out of rece-t, systems studies closely tied to continuing research in all of the 
disciplinary areas of aerodynamics, propulsion, and structures. This finding is the 
clear iadication of feasibility of hypersonic cruise vehicles actively cooled over 
most of the airframe surface by the residual heat sink of the liquid hydrogen fuel. 
It is toward such projected aircraft that the present paper is primarily pointed. 
Results of these recent NASA studies, made in-house and under contract, will be 
freely drawn upon and referenced. It is significant to the future prospects for a 
hypersonic transport (HST) that it may avoid o r  overcome some of the environmental 

. problems so critical to the decision to halt development of the U.S. SST. 

One potentid traffic market f o r  the HST is indicated in Figure 1 which shows a 
projection of the international passenger traffic between major world areas for the 
year 1990 and the ranges associated with this traffic. A number of such projections 
have been made (refs. 1 through 3 )  and although there is some disagreement as to the 
absolute magnitude of the passenger traffic, the distribution by range of these pro- 
jections is generally in good agreement. The dashed bars in Figure 1 indicate 
possible future exchange of travelers with the Communist countries. 
are made from this figure: (1) the high rate of travel predicted for the year 1990 
which, from a standpoint of air traffic congestion, implies the need for aircraft 
with large passenger capacities (high payload), and (2) the indication that about 
90 percent of this traffic will require aircraft with range capabilities between 
JCOO and 6000 n. m i .  

, 

1 
Two major points 

From a standpoint of convenience and comfort, it is of interest to consider the 
duration of the flights associated with these long ranges. 
son of the trip times (wheels rolling to wheels stopped) associated with aircraft 
having cruise speeds ranging from subsonic (M = 0.85), supersonic (M = 3 )  to hyper- 
sonic (M = 8), for representative international flights. 
available through hypersonic flight are obvious, particularly for the longer ranges. 

Figure 2 shows a compari- 

\ 
The sizable time savings 

Other factors which will influence the nature of future transport aircraft stem, 
for example, from the growing concern over atmospheric pollution, a fact which the 
aeronautical engineer must accept in designing environmental acceptabilfty into his 
product. The speed, range, and environmental advantages of the HST will probably 
demand a premium fare; at the same time, it must fit the airway and airport systems 

so forth, not too much different from the jumbo jets. 
\ and cannot price itself out of the market, hence must have DOC'S, airframe life, and 

\ 

'I A distinguishing feature of the HST will be the use of liquid hydrogen fuel 
(L%), which has 2-J/4 times the energy per pound of conventional 
(See Fig. 3 . )  The higher energy per pound of LH2 more than compensates for 

JP f'uel (ref. 4). 

\ L-8199 
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t h e  secondary e f fec t  of a reduction i n  aerodynamic e f f ic iency  ascr ibable  t o  housing 
t h e  l o w  densi ty  fue l .  The large heat-sink capacity of l i q u i d  hydrogen - 10 percent of 
t h e  combustion energy - allows a c t i v e  cooling of t h e  airframe (as wel l  as t h e  scramjet 
engine),  offer ing t h e  p o s s i b i l i t y  of using conventional aluminum s t ruc tures  and 
a t t a i n i n g  airframe l i f e t i m e s  comparable t o  t h e  jumbo jets.  

The general  appearance of one concept of an HST as i l l u s t r a t e d  i n  Figure 4 i s  
noteworthy i n  i t s  s i m i l a r i t y  to  t h e  current SST concepts, a f a c t  not too surpr is ing 
since,  f o r  t h e  active-cooling approach, mater ia ls  a r e  s imi la r  and passenger windows 
appear feas ib le .  Because of  the l o w  density of 
body volumc which w i l l  result i n  a s t r u c t u r a l  weight f r a c t i o n  higher than t h a t  f o r  
JP-fueled a i r c r a f t  and a nominal increase i n  the  aerodynamic drag of  the airplane.  
It i s  l i k e l y  that such an  a i r c r a f t  w i l l  be streamlined through blending of the  wing 
and fuselage t o  ge t  an optimum compromise between containment of the  low densi ty  
f u e l  and aerodynamic e f f ic iency .  

L%, the  a i r c r a f t  w i l l  have a l a r g e  

HYPERSONIC TRANSPORT PROPULSION 

A primary fea ture  of  t h e  HST w i l l  be i t s  air-breathing, regeneratively cooled, 
The superior  performance poten t ia l  of the  hydrogen hydrogen-fueled scramjet engines. 

burningramjet i s  c l e a r l y  seen inF igure5 in te rmsof thep ropu l s ive  eff ic iency factor ,  
spec i f ic  impulse (pounds of t h r u s t  per  pound per  second of f u e l  o r  propel lant  burned), 
a s  a fbnction of Mach number. For hydrogen-oxygen rockets,  values of spec i f ic  
impulse are 14mited t o  something l e s s  than 500 since rockets must carry t h e i r  own 
oxidizer,  bu t  these values  are,  of course, ava i lab le  i n  airless space. The la rge  
increases f o r  a i rbreathers  over rockets i s  evident f o r  both kerosene and hydrogen- 
f i e l e d  systems t o  about 
breathing turbojets ,  ramjets,  and supersonic-combustion-ramjets (scramjets) the  
downward trends with Mach number are similar with t h e  very l a r g e  advantage f o r  
hydrogen burners r e f l e c t i n g  t h e  higher energy per  pound of hydrogen. 'Ibrbojets can 
be used f o r  take-off (where ramjets a r e  inoperable) and accelerat ion t o  M z 3.5. 
As a Mach number about t h i s  va lue  i s  approached, the  stagnation o r  r a m  temperature 
i s  increasing to  such a value t h a t  diminishingly less fuel can b e  added before 
exceeding t h e  permissible turbine-blade temperature, thus the t h r u s t  i s  dropping 
rapidly.  I n  the range of  Mach number, t h e  ramjet (subsonic combustion), which 
has  no compressor o r  tu rb ine  and uses only theram pressure of flight, comes 
i n t o  i t s  own. Its effect iveness  survives t o  about M = 7 at which point several  
fac tors  point  t o  the  use  of scramjets (supersonic combustion). By ramjet we 
have meant subsoniccombustion; i n  fact , -  combustion i s  a t  a s  low a ve loc i ty  a s  
possible  to  minimize the  entropy increase i n  t h e  combustion process. 
sonic combustion ra.mjet, as Mach number increases,  both pressure and temperature i n  
the  combustion chamber increase,  leading t o  high s t r u c t u r a l  weight f o r  pressure con- 
tainment, high heat  t ransfer ,  and l a r g e  cooling requirements. Most s ignif icant ,  
however, i s  the f a c t  that t h e  high temperatures a l s o  introduce s igni f icant  dissocia-  
t i o n  of t h e  combustion products. Most of t h i s  dissociat ion energy (which would 
otherwise be avai lable  f o r  t h r u s t )  i s  l o s t  due t o  l a c k  of recombination before 
expansion t o  ambient conditions. A l l  of these fac tors  point  t o  t h e  use of super- 
sonic combustion which lowers the pressure and temperature i n  t h e  combustion chamber 
at some increase i n  entropy ga in  i n  the  combustion process a t  higher ve loc i t ies .  
The ne t  e f f e c t  i s  overa l l  gain f o r  t h e  scramjet mode at  The scramjet can 
continue t o  provide thrust g r e a t e r  than drag f o r  conceptual vehicles  f ly ing  a t  Mach 
numbers i n  excess of 12.0. 

M = 10. For both kerosene-fueled and hydrogen-fueled a i r -  

For the  sub- 

M = 7.0. 

Propulsion Technology 

The use of LH2 i n  tu rboje t  engines i s  by no means v i r g i n  t e r r i t o r y .  
NASA's L e w i s  Research Center successful ly  operated a 565 tu rboje t  engine using 

I n  1957, 
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hydrogen as a f u e l  ( r e f .  5) .  A l i q u i d  hydrogen f u e l  tank and a ram-air heat exchanger 
were mounted on the l e f t  wing of a B-57 a i rp lane  and a high-pressure helium tank was 
mounted on the  r i g h t  wing (Fig.  6 ) .  The heat exchanger w a s  used t o  gasify t h e  
hydrogen before entering the engine, and the helium was used f o r  pressurizing the 
L% Take-off and climb t o  49,000 f e e t  
a l t i t u d e  and a speed of around 
on conventional JP-4 f u e l .  One engine was then operated on a mixture of hydrogen 
and JP-4 and then on hydrogen alone f o r  approximately 20 minutes. 
were made without incident .  Although spec i f ic  f u e l  consumption during the f l i g h t  
t e s t s  was not reported, t e s t s  i n  ground f a c i l i t i e s  simulating f l i g h t  conditions indi-  
cated tha t  the  spec i f ic  f u e l  consumption of JP-4 f u e l  was 2.73 times t h a t  of 
hydrogen, thus rea l iz ing  the gains expected from hydrogen f u e l .  

f u e l  tank and purging the  f u e l  system. 
M = 0.72 were accomplished by operating both engines 

Several f l i g h t s  

Feturning t o  ramjets, extensive research over about t h e  p a s t  10 years has 
produced an advanced l e v e l  of technology f o r  appl icat ions up t o  about M = 5. Ramjet 
f l ight  a r t i c l e s ,  primarily missi les ,  produced i n  t h i s  country and abroad, have been 
r e s t r i c t e d  t o  hydrocarbon f u e l s .  
hydrogen-fueled ramjet engines have received considerable research e f f o r t .  Both 
subsonic and supersonic combustion ramjet engines have been successful ly  demonstrated 
and, i n  most cases, the high-performance l e v e l s  ant ic ipated were achieved. A b r i e f  
resume of t h i s  work i s  presented i n  reference 6. 
i n  t h i s  f i e l d  i s  the  NASA Langley Hypersonic Research Engine (HRE) Project .  
the  object ives  of t h i s  pro jec t  were t o  develop a hydrogen-burning ramjet engine f o r  
operation between Mach numbers of 3, and 8 with dual mode subsonic and supersonic 
combustion capabi l i ty  and t o  conduct ground-based and f l i g h t  experiments which would 
prove design and fabr ica t ion  techniques and provide needed engine research data .  
After  the f l i g h t  t e s t s ,  which were t o  have been carr ied out using t h e  X-15 research 
a i rp lane  as a t e s t  bed, w e r e  canceled due t o  the  termination of t h e  X-15 program, 
an expanded ground-test program was formulated and i s  s t i l l  i n  progress.  
cross sect ion of t h e  HRE t h a t  evolved i s  shown i n  Figure 7. The HRE i s  an axisym- 
metric, var iable  geometry engine (18 inches i n  diameter and 84 inches long) with a 
t r a n s l a t i n g  center spike t o  give needed var iable  geometry f o r  operation over t h e  
Mach number range; f o r  example, t h e  t r a n s l a t i n g  center  body pos i t ions  the  shockwave 
from the  spike on t h e  cowl l i p  from Mach 6 t o  Mach 8, minimizing flow spi l lage.  
From the  sketch, one can see t h a t  as Mach number i s  increased t h e  f u e l  in jec t ion  and 
combustion move forward i n  the  engine. 
of t h e  KIRE, which i s  a r e a l i s t i c  f l i g h t  weight engine (although f o r  ground t e s t s )  
incorporating subsystems, controls,  and r e l a t i v e l y  sharp hydrogen-fuel-cooled leading 
edges f o r  both i n l e t  cowl and the in te rna l  struts, has been t e s t e d  i n  the Langley 
8-foot high-temperature s t ruc tures  tunnel (Fig.  8 ) .  
a s o l i d  demonstration that a fl ight-weight,  regeneratively cooled ramjet engine could 
operate  i n  t h e  M = 7 environment. Although these t e s t s  were car r ied  out with f u l l  
f l i g h t  temperature, the  t e s t  stream of hydrocarbon-air combustion products did not 
contain enough oxygen t o  permit combustion t e s t s .  
will thus include t e s t s  of a "boi le r  plate," water-cooled, hydrogen-burning model 
i n  a new f a c i l i t y  at  our Lewis Research Center wherein t r u e  temperature a i r  up t o  
M = 7.0 
range from 5 t o  7. 

Although l imited t o  ground-based f a c i l i t i e s ,  

One example of the  work being done 
I n i t i a l l y ,  

A s implif ied 

A so-called s t r u c t u r a l  assembly model (SAM) 

This s e r i e s  of t e s t s  provided 

The final phase of the HRE project  

i s  provided, and combustion experiments can be made over a Mach number 

Under t h e  stimulus provided by the  HRE project ,  a number of long-range bas ic  
scramjet problems have been brought i n t o  focus for  which new research has been 
organized. The research programs r e f l e c t  t h e  f a c t  t h a t  e f f i c i e n t  hypersonic cruise  
vehicles  should c a p i t a l i z e  on the  very strong in te rac t ion  among t h e  s t r u c t u r a l ,  
propulsive, and aerodynamic features  of vehicle  design. 
is, f o r  example, t o  develop scramjet engine concepts t h a t  minimize fuel-cooling 
requirements so that a maximum of the  res idua l  hydrogen-fuel heat  s ink  is  avai lable  
for airframe cooling. 
load a r e  readi ly  ident i f ied  as follows: supersonic combustion, nonannular ducts 

One major research object ive 

Features of such engines that w i l l  reduce t h e  i n t e r n a l  heat 
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having low r a t i o  of wetted area t o  flow area, shor t  combustor length ( e f f i c i e n t  fue l  
i n j e c t o r s ) ,  short  cowl lengths ,  l a r g e  combustor area r a t i o s ,  reduced pressures and 
reduced f u e l  in jec t ion  near t h e  duct w a l l s ,  insulat ion,f i lm cooling, and the  use 
of t h e  a i r c r a f t  body f o r  major p a r t s  of the  i n l e t  and nozzle funct ions.  Using all 
of these features  except insulat ion,  we have designed and analyzed t h e  scramjet 
concept shown i n  Figure 9 .  For comparison, t h e  cooling requirements of an  annular 
engine were also determined and the results are given i n  Figure 10, which shows the  
l a r g e  reductions i n  cooling requirements ( integrated over the engine length)  f o r  the  
three-dimensional rectangular-module design ( see  r e f s .  7, 8, and 9) .  For t h i s  study 
a t  M = 6, t h e  small f r a c t i o n  of t h e  t o t a l  fuel-flow heat  capaci ty  needed f o r  engine 
cooling leaves most of t h e  hydrogen heat sink avai lable  f o r  airframe cooling. 
l a r g e  margin shown ava i lab le  f o r  airframe cooling a t  M = 6 diminishes with increas-  
ing Mach number due t o  growing engine-cooling requirements, however, s tud ies  have 
shown t h a t  ac t ive ly  cooled c ru ise  vehicles  may be feas ib le  up t o  Mach numbers of 
g t o  10. 

The 

HYPERSONIC TRANSPORT STRUCTURE 

Before addressing t h e  prospects f o r  ac t ive ly  cooled airframes, f i rs t  consider 

Shown i n  Figure ll i s  a "typical" temperature d i s t r i b u t i o n  f o r  
the  case f o r  "hot" s t ruc tures ,  which dispose of a major port ion of  t h e  heat  load 
through radiat ion.  
upper and lower surfaces of  an  
balanced by radiat ion.  The f e a s i b i l i t y  of the  "hot" s t ruc ture  rests on t h e  f a c t  
that the radiat ion equilibrium temperatures of cruise  vehicles  tend t o  f a l l  
within the possible  working-temperature ranges of the so-called superalloys and the  
re f rac tory  metals. A cross  sec t ion  of a radiation-cooled wing s t ruc ture  t h a t  has 
evolved from research s t u d i e s  i s  shown i n  Figure 12. Here the primary s t ruc ture  i s  
made up of superalloys or r e f r a c t o r y  metals protected by both insu la t ion  and heat 
sh ie lds .  Major s t r i d e s  toward solving t h e  problems of thermal s t r e s s  have been made 
through t h e  use of nonredundant s t ruc tures  and corregated shear webs (ref. 10). The 
th in  heat shields  which p r o t e c t  the  primary s t ruc ture  a r e  typ ica l ly  0.01-inch t o  
0.02-inch th ick  and are at tached t o  t h e  primary structure by d e l i c a t e  c l i p s  i n  order 
t o  minimize conduction e f f e c t s  and save weight. When t h e  hea t  sh ie lds  expand due t o  
high temperatures, s l i d i n g  j o i n t s  sealed by f l e x i b l e  bellows are necessary t o  prevent 
hot boundary-layer air  from leaking i n t o  t h e  substructure and causing hot spots.  
Whether o r  not a i rcraf t  s t ruc tures  of t h i s  type can withstand t h e  rigorous demands of 
commercial a i r c r a f t  operations and maintain long airframe l i fe t imes  i s  y e t  t o  be 
determined. 

M = 8 HST wherein aerodynamic heat ing input  i s  

Having suggested t h e  obvious d i f f i c u l t i e s  of rout ine a i r l ine- type  operation of 
red-hot s t ruc tures  and having indicated the  f e a s i b i l i t y  of scramjet engines with low 
cooling requirements, it remains to  be s ta ted  t h a t  realistic ac t ive ly  cooled 
s t ruc tures  can be envisaged f o r  the  airframe of t h e  hypersonic c ru ise  a i r c r a f t .  
it were possible  t o  cool t h e  sk in  and primary s t ruc ture  of t h e  a i r c r a f t  t o  around 
500' F, it would b e  possible  to  construct t h e  a i r c r a f t  of titanium, using current 
mater ia ls  and construction technology. 
allow t h e  hypersonic a i r c r a f t  design t o  take advantage of years of  experience i n  
bui lding aluminum a l l o y  airplanes,  bu t  would a lso  open the door t o  t h e  use of boron- 
aluminum composites. 
an  airframe cooling system using a secondary coolant which i s  c i rcu la ted  internaJJ-y 
i n  the  airframe and used t o  car ry  t h e  heat load from the  airframe t o  a c e n t r a l  
hydrogen-fuel-cooled hea t  exchanger i s  feas ib le  and could reduce t h e  airframe 
temperature of a Mach 6 a i rp lane  t o  l e v e l s  which would permit t h e  use of titanium, 
and, with l imi ted  heat shielding,  t h e  use of aluminum. The secondary coolant might 
be a water-ethylene-glycol so lu t ion  for aluminum a l l o y  cooling o r  a silicone-base 
f l u i d  such as Dow-Corning E-331 fo r  titanium a l loy  cooling. A t y p i c a l  cooled 
wing Panel, shown i n  Figure 13, has been analyzed with respect  t o  coolant-tube 
spacing, temperature gradients ,  and coolant flow rates. The s tudies  have shown 

If 

Cooling t h e  airframe t o  200° F would not only 

Preliminary s tudies  ( r e f s .  7 and 8) have i n  f a c t  indicated t h a t  
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(ref. 11) that the physical proportions of the entire cooling system are quite 
reasonable (Fig. 14) and that the weight of the cooling system, including the 
plumbing and heat exchanger, may be more than offset by the savings in the weight 
of the airframe, heat shields, and insulation, as shown in Figure 15. The coolant 
(water-glycol) and its piping constitute the principal cooling system weight. 
studies will consider design criteria and system reliability in detail and determine 
the optimum panel concepts and secondary coolants for a variety of airframe materials, 
including composites. 

Future 

An area of concern to either "hot" or actively cooled structures will be the 
containment of the LH2 fuel at -423' F. Two concepts being examined at Langley 
are shown schematically in Figure 16. As shown in the sketch at the upper right for 
one concept, the LH2 tank is protected by a layer of insulation. Unless air is 
prevented from coming into contact with the tank wall, cryopumping will occur, the 
air will liquify, and run down the tank wall. 
inhighheat transfertothe fuel, reduces the effectiveness of the insulation, promotes 
damage due to freezing and thawing, and, due to selective liquefication, may cause 
a dangerous accumulation of liquid oxygen. In order to prevent air and moisture from 
entering the area, the space adjacent to the outer wall is pressurized with an inert 
gas such as nitrogen. A portion of the insulation nearest the tank wall has a s m a l l  
pore size to prevent the nitrogen from flowing down the tank wall and thus minimizes 
cryopumping. 

This condensation of the air results 

Another concept, shown in the lower right portion of Figure 16, utilizes internal 
as well as external. insulation. In this case, the internal insulation maintains the 
tank wall above the condensation temperature of air, however, cryogenic penetration 
of the internal insulation must be prevented. Although not indicated in Figure 16, 
an inert purging gas would probably be desirable for this concept when safety aspects 1 ' are considered. 

HYPERSONIC TRANSPORT OPERATIONS 

Environmental Effects 

Supersonic flight of SST's over the United States was prohibited by the Congress 
owing to the presumed unacceptability of the "sonic boom." 
sonic-boom overpressures of aircraft of the SST weight class, shown as a function of 
cruise Mach number (Fig. l7), gives insight into a promising HST feature. For 
M = 3, SST-type aircraft, sonic-boom overpressures in the range o f  1.5 to 3.5 psf 
are estimated; for HST-type aircraft at overpressures have decreased 
to about 1 psf. 
higher cruise altitudes of E T ' S  (around 100,000 ft) . 
overpressures be found acceptable when the advantages offered the air traveler by 
hypersonic flightareweighedagainst environmentalaspects, overland travelwouldbe revo- 
lutionized as shown in Figure 18. 
acceleration and climb to cruise altitude, these phases would be carried out over the 
ocean before heading overland; likewise, the HST would decelerate and descend Over 
water. 
subsonic aircraft and a flight from Los Angeles to Paris could be made in around 
2.5 hours. 

An examination of the 

M = 6 to 8 
Lower overpressures at hypersonic speeds follow principally from the 

Should these lower sonic-boom 
1 

Since HST' s would still have high sonic booms during the 

Transcontinental trips would require only one-third the time required for 

1)) Hydrogen-fueled aircraft may be more attractive than fossil-fueled aircraft from 
an ecological standpoint. 
a hydrocarbon-fueled SST is shown in Figure 19 and is expressed in pounds of emittant 
per mile. 
or unburned hydrocarbons, and a smaller amount of nitric oxide than an SST - on the 
other hand, it will emit an amount of water vapor more than three times that for the 
SST. 

A comparison of the environmental emissions of an E T  and 

The HST will emit no carbon dioxide, no carbon monoxide, no solid particles, 

It must be stated that the effects on the environment of release of water vapor 



i n  quant i t ies  such as those from e i t h e r  a f leet  of high-al t i tude SST's or HST's i s  
not  known at  t h e  present  t i m e .  

Economic Aspects 

A s  was mentioned i n  t h e  opening remarks, if the  HST i s  t o  become a r e a l i t y ,  it 
must e i t h e r  o f f e r  the  t r a v e l e r  unique c a p a b i l i t i e s  for  which t h e  traveler i s  w i l l i n g  
to pay a premium pr ice  o r  it must b e  economically competitive from a standpoint of 
d i rec t  operating cost .  
convenience t o  t h e  t rave ler ,  i t  is  d i f f i c u l t  t o  estimate passenger preference, pax- 
t i c u l a r l y  when connected to  the purse string, therefore,  one needs t o  compare d i r e c t  
operating costs of l a r g e  t ranspor t s  as  i s  done i n  Figure 20 for a subsonic j e t  
(JP-fueled),  an SST (JP-fueled) , and a L% fueled HST ( r e f .  4) . The hashed 
areas  represent the cos t  of  f l i g h t  crew, insurance, maintenance, and depreciation, 
while t h e  open bars  represent  t h e  cost  of t h e  f u e l .  An addi t iona l  sca le  i s  shown on 
t h e  r i g h t  which r e f l e c t s  t h e  e f f e c t  of t h e  r e l a t i v e  pr ice  of 
operating cost of the  HST. Clearly, the economic competitiveness of the E T  w i l l  be 
l a r g e l y  a re f lec t ion  o f  t h e  p r i c e  of LH2. It should be pointed out t h a t  the f u e l  
cos t  for the  JP-fueled a i r c r a f t  represent present-day pr ices .  Consider next the  f u e l  
pr ice  s i t u a t i o n  t h a t  might e x i s t  during t h e  t i m e  period of the 1990 's  when t h e  HST 
might become operat ional .  
o f  LH;! 
onset  of the space industry,  t h e  increasing demand f o r  L% drove the  pr ice  s teadi ly  
downward (data suppl ied t o  author  by Vic Johnson, National Bureau of Standards, and 
John E. Johnson, Linde Division, Union Carbide Corp.) t o  about 16 cents per pound at  
present .  Economic s tudies  of hydrogen production ( f o r  example, r e f s .  4 and 12) have 
indicated th8t by merely increasing the quant i ty  of LH2 production, f'urther s izable  
reductions i n  pr ice  would occur as shown by t h e  hashed area. 
use 200,000 pounds LH2 p e r  f l i g h t . )  Continual improvement i n  production methods 
w i l l  a l s o  drive the p r i c e  down. 
more economically f e a s i b l e  at some fu ture  da te  i f  electric-energy costs  a r e  dras t i -  
c a l l y  reduced. Though f o s s i l  f u e l  p r ices  ( r e f .  13) have remained f a i r l y  constant, 
they a r e  predicted t o  gradual ly  rise (refs. 14 through 16) due t o  the  depletion of 
our reserves, increased c o s t  of extract ion,  and our growing dependence upon imports. 
These p r i c e  increases  are r e f l e c t e d  i n  t h e  hashed area  representing J P  f u e l .  
cos t  o f  hydrocarbon fuels may r i se  even faster than shown i f  pressure from environ- 
mental is ts  continues. 
be competitive with hydrocarbon fuel ,  p a r t i c u l a r l y  i f  o ther  uses of hydrogen ene rw 
( r e f s .  17 and 18) continue t o  receive broader a t ten t ion ,  making hydrogen the f u e l  
of the future .  

Although t h e  E T  would o f f e r  tremendous timesavings and 

L% on t h e  d i r e c t  

Figure 21 shows a comparison of  the r e l a t i v e  cost  per Btu 
as compared t o  J P  f u e l ,  for the past ,  present,  and t h e  future .  With the  

(An  HST would typical ly  

Elec t ro ly t ica l ly  produced hydrogen might become 

The 

I n  t h e  t i m e  period of the 1ggO's the cos t  of L% i s  seen t o  

Technology Pro3 ect ion 

Takenfromreference 11, Figure 22 shows, from ra ther  de ta i led  system studies,  
t h a t  a hot-s t ructure  hypersonic t ransport  weighing 73O,OOO pounds and carrying 300 
passengers, and using current technology, would have a range of 6000 miles. 
de ta i led  s tudies  on t h e  cooled s t ruc ture  permit r e a l i s t i c  speculation on i ts  poten t ia l  
advantages for  f u t u r e  vehic les .  It i s s t a t e d i n  reference 11, t h a t  with cooling, a 
15ipercent  s t ruc tura l  weight reduct ion due t o  composites and a major reduction i n  
cryogenic-tankage-insulation weight can b e  postulated.  I n  addition, a modest 
10-percent gain i n  l i f t - d r a g  r a t i o  (L/D) through refinements such as area  ruling, 
t w i s t ,  camber, and f i l l e t i n g  has  been included. A 12-percent increase i n  specif ic  
impulse i s  also believed t o  be obtainable from increases  i n  component e f f ic ienc ies  
over the nominal values  used previously. And thus the 6000-nautica~.-mile range 
obtained with t h e  hot vehic le  could be extended t o  over 10,000 naut ica l  miles through 
future  technology, as seen i n  Figure 22. For comparison, the l e s s e r  gains  estimated 
on a comparable b a s i s  f o r  a JP a i r c r a f t  a r e  a l s o  shown. Although t h e  addi t ional  HST 
performance i s  shown as an increase  i n  range, which, from the previous discussion of 

O u r  

/ 



fu ture  t r a v e l  requirements may not be needed, t h i s  performance could be traded f o r  
addi t ional  payload capabi l i ty ,  noise suppression, and other  areas  of concern. 

A HYPERSONIC RESEARCH AIRPLANE 

Final ly ,  the case f o r  a hypersonic research airplane,  as s t a t e d  by Becker and 
Kirkham ( r e f .  11) i s  given. 
all the  d isc ip l ines ,  t h e r e  a r e  of course several  major def ic ienc ies ,  chief among 
which a re  the  lack of a proven power plant  and the lack  of a proven prac t ica l  s t ruc-  
t u r a l  concept. 
vehicle  development. 
w i l l  be  slow u n t i l  the  development of an a c t u a l  vehic le  i s  undertaken. 
s i tua t ions  of t h i s  kind where i t  i s  obviously too soon f o r  a f u l l - s c a l e  prototype, 
the research a i rp lane  has been used t o  great  advantage t o  provide the  necessary focus, 
stimulus, and resource l e v e l s .  
g rea t  impetus t o  hypersonics and manned space f l i g h t  technology. 

"Although promising new approaches a r e  being pursued i n  

Probably the most serious deficiency i s  the absence of any r e a l  f l i g h t  
Pas t  experience suggests t h a t  progress beyond the  present stage 

I n  previous 

The X - 1 5  program, f o r  example, provided the  f irst  

"Figure 23 presents  a concept and specif icat ions f o r  a s m a l l  research airplane 
which can be thought of as a 1/3 scale  version of the  hypersonic t ransport .  
breathing research scramjet engines and wing panels which could embody a v a r i e t y  of 
s t r u c t u r a l  concepts a r e  pr inc ipa l  features .  
5 minutes c ru ise  a t  Mach 8 e i t h e r  on i t s  primary rocket propulsion o r  with the 
research scramjets.  
a vehicle .  
nat ional  f a c i l i t i e s  would be needed. 

Air- 

The vehicle  would be capable of about 

Present technology would f u l l y  support the  development of such 
Both the  a n a l y t i c a l  and t h e  experimental tools  are ava i lab le .  No new 

"The technology base developed with a hypersonic research a i rp lane  would make it 
possible  t o  proceed with confidence t o  a f u l l - s c a l e  prototype hypersonic t ransport  or 
other  appl icat ions including airbreathing launch systems." 
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Figure 3.- Comparison of fuel characteristics (from ref. 4). 
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Figure 4. - Hypersonic air-breathing transport. 
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Figure 8. - HRE i n s t a l l e d  i n  Langley &foot high-temperature s t r u c t u r e s  tunnel 
f o r  t e s t s .  
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Figure 13.- Cooled wing s t ruc ture .  
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0 AIRFRAME -10 100 (-22 300) 

0 HEAT SHIELDSAND INSULATION -6 500 (-14 400) 

NET CHANGE: -10 400 (-22 800) 

Figure 15. - Cooled versus hot s t ruc ture  - t yp ica l  weight 
d i f fe rences .  (600,000 lb gross weight. ) 

CIRCULATING \ AIR- 

CRYOGENIC PUMPING 

J 

Figure 16.- Thermal pro tec t ion  of l i qu id  hydrogen tanks. 
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OVERP RES S URE 

I b/ it2 

I I I I 
0 4 8 . I2  16 

C R U l  SE M A C H  NUMBER 

Figure 17. - Sonic-boom overpressures. 

Figure 18. - Overland operation. 
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N O E M I S S I O N  I 
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co SOLID 
PARTICLES c02 NO H2° 

Figure 1.9. - Environmental emissions i n  cruise. (750,000 lb gross weight. ) 
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Figure 20.- Comparison of direct operating cost. Range, 4600 st. mi. 
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URAL CONCEPTS 

INTEGRATED RESEARCH 
SCRAMJET MODULES 

GROSS TAKE-OFF WEIGHT 
LENGTH = (80 ft 1 ’ 
CONVENTIONAL TAKE-OFF AND LANDING 
MAX I MUM SPEED, M = 8 TO 12 
EXISTING ROCKET (PRIME PROPULSION) 
MODULAR RESEARCH AIRBREATHING ENGINES 
5-MINUTE CRUISE AT MAXIMUM SPEED 

(80000 Ib) 

Figure 23.- Research airplane concept and specifications. 
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MEMBERSHIP I N  THE DIVISION OF FUEL CHEMISTRY 

The Fuel Chemistry Division of the  American Chemical Society is an in te rna t iona l ly  
recognized forum fo r  s c i e n t i s t s ,  engineers,  and technica l  economists concerned with 
t h e  conversion of  Puels t o  energy, chemicals, or  other  forms of fue l .  Its i n t e r e s t s  
center  on the  chemical problems, but d e f i n i t e l y  include t h e  engineering and economic 
aspects as well. 
and water pol lut ion,  gas i f ica t ion ,  and r e l a t e d  areas .  

Further, t h e  Division i s  strengthening i t s  coverage of areas  of a i r  

Any chemist, chemical engineer, geologis t ,  t echnica l  economist, or  other  s c i e n t i s t  
concerned with e i t h e r  t h e  conventional f o s s i l  fue l s ,  or  t h e  new high-energy fuels--  

would benefi t  g rea t ly  from par t ic ipa t ion  in  the progress of t h e  Fuel C h e m i s t r y  
Division. 

I whether he be i n  government , industry,  or  independent professional  organization- 

1 The Fuel Chemistry Division o f f e r s  a t  l e a s t  two annual programs of symposia and gen- 
e r a l  papers,  extending over severa l  days, usually a t  National Meetings of t h e  American 
Chemical Society. These include t h e  r e s u l t s  of  research,  development, and analysis  i n  
the many f i e lds  r e l a t i n g  t o  f u e l s  which a r e  so v i t a l  i n  today 's  energy-dependent econorqy. 

1 Members of the  Division have t h e  opportunity t o  present  papers of t h e i r  own, or  pa r t i c i -  
pa te  i n  discussions with experts i n  t h e i r  f i e l d .  Most important, the  Fuel Chemistry 
Division provides a permanent record of a l l  of t h i s  m t e r i a l  i n  the  form of prepr in ts ,  

1 which a r e  sent f r e e  t o  a l l  members several  weeks before each meeting. 

Symposia of s ign i f icant  content and broad i n t e r e s t  have been published as p a r t  of the  
Advances i n  Chemistry Series  and by other  s c i e n t i f i c  book publ ishers .  
posia  on Fuel Cells, Advanced Propellant Chemistry, Gasif icat ion,  and Spectrometry a r e  
already i n  p r in t .  
Division members a t  g rea t ly  reduced cos t ,  

In  addi t ion t o  receiving severa l  volumes of prepr in ts  each year ,  a s  wel l  as regular  
news of Division a c t i v i t i e s ,  benef i t s  of membership include: (1) Reduced subscription 
r a t e s  f o r  "Fuel" and "Combustion and l?Lame," (2) Reduced r a t e s  fo r  volumes i n  t h e  
"Advances i n  Chemistry Series"  based on Division symposia, and ( 3 )  The r e c e i p t  card 
s e n t  i n  acknowledgment of Division dues is good f o r  $1.00 toward a complete s e t  of 
a b s t r a c t s  of a l l  papers presented a t  each of t h e  National Meetings. 

To jo in  t h e  Fuel Chemistry Division a s  a regular member, one must a l s o  be o r  become a 
member of the  American Chemical Society.  Those not e l i g i b l e  f o r  ACS membership because 
they are not prac t ic ing  s c i e n t i s t s ,  engineers,  o r  technica l  economists i n  meas  re-  
l a t e d  t o  chemistry, can become Division Aff i l ia tes .  They receive a l l  benef i t s  o f  a 
regular  member except t h a t  they cannot vote,  hold o f f i c e ,  o r  present  o ther  than invi ted 
papers. A f f i l i a t e  membership is of p a r t i c u l a r  value t o  those i n  t h e  information and 
l i b r a r y  sciences who must maintain awareness of t h e  f u e l  area.  Non-ACS s c i e n t i s t s  
a c t i v e  i n  the  f i e 1  a rea  and l i v i n g  outs ide of t he  United States are a l s o  inv i ted  t o  
become Division A f f i l i a t e s .  

Membership in  t h e  Fuel Chemistry Division cos ts  only $4.00 per  year ,  o r  $11.00 fo r  
t h r e e  years, i n  addi t ion t o  ACS membership. 
out  joining ACS, i s  $10.00 per  year .  

Landmark sym- 

When these  volumes a r e  ava i lab le  they a r e  usual ly  offered f i r s t  t o  

\ 

The cost  f o r  a Division A f f i l i a t e ,  w i t h -  
For *her information write t o :  

Dr. Harold L. Love11 
Secretary-Treasurer 
ACS Division o f  Fuel Chemistry 
Pennsylvania S t a t e  University 
log H n e r a l  rndustr ies  Building 
University Park, Pennsylvania 16802 
Telephone: Area 814 - 865-2372 



REC:CENT FUEL D I V I S I O N  SYMPOSIA 

Volume 

Vol. 14 ,  No. 1 

Vol. 1 4 ,  No. 2 

Vol. 1 4 ,  No. 3 

Val: 14, No. 4 
Par ts  I and I1 

Vol. 14, No. 5 

Vol. 15, No. 1 

Vol. 15,  NO. 2 

Vol. 15, No. 3 

Vol. 16, No. 1 

V O ~ .  16, NO. 2 

V O ~ .  16, NO. 3 

Vol. 16, No. 4 

T i t l e  

Symposium on Coal. and Coal Based Carbons 
Symposium on Petrographic, Chemical and 

Physical Proper t ies  of Coal 

Symposium on Coal Combustion i n  Present and 
Future Power Cycles 

Synthetic Fuels Symposium No. 3 - Economics 

General Papers 

Symposium on Eydrogen Processing of Solid 

of Solid Fuel Conversion h o c e s s e s  

and Liquid Fuels 

Symposium on High Temperature and Rapid 
Heating Reactions of Fuels 

Symposium on Shale O i l ,  Tar Sands and 
Related Materials 

Symposium on Combustion 
symposium on Pollution Control i n  Fuel 

Combustion, Mining and Processing 

Symposium on Gasification of Coal 
General Papers 

Symposium on Qua l i ty  o f  Synthetic Fuels, 
Especially Gasoline and Diesel Fractions,  
and Pipe l ine  G a s  

Symposium on Preparation and Properties of 

General Papers 

Symposium on Modern Methods of  Fuel Analysis 

Catalysts f o r  Synthetic Fuel Production 

Symposium on Non-lbssil Chemical m e l s  

Presented A t  

Toronto, Canada 
May, 1970 

Toronto , Canada 
m y ,  1970 

Chicago I l l i n o i s  
September , 1970 

Chicago, I l l i no i s  
September, 1970 

Chicago, I l l i no i s  
September, 1970 

Los Angeles 
March, 1971 

Washington, D.  C .  
September, 1971 

Washington, 2. C .  
September, 1971 

Boston, M%s. 
A p r i l ,  1972 ’ 

Boston, Miss. 
Apri l ,  1972 

Boston, &!ass. 
April ,  1972 

Boston, Mass. 
A p r i l ,  192 



D I V I S I O N  OF FUEL CHEMISTRY 

PROJECTED’PROGRAMS 

hvironmental Pollution Control - Past I. R e m o v a l  of 
lxides of S u l f u r  and Nitrogen f’rom Combustion Product 
kses  - 

Robert M. Jimeson 

Mrironmental pollution Control - Part 11. Removal 
7 f  Sulfur f’rom the Fuel 

Robert M. Jimeson 

:torch Sympo sium 

Senera1 Papers 
Wendell H. Wiser 

Symposium on the Parer Industry of the Future - 
Fossil and Fission Fuels 

Joint with IEC Division - Develop by IM: 

Nwel Combined Power Cycles 
S. Fred Robson 

Fuel from Waste Products 
H .  R .  Amell 

Carbon Monoxide Production and New Uses 
J. S. Mackay 

Synthetic Fuel Gas Purification 
H. S. Vierk 

Coal Gasification 
L. G. Massey 

New York, N. Y .  
A w ~ ,  1972 

New York, N. Y. 
August, 1972 

New Yoxk, N. Y. 

New York, N. Y. 
August, 1.972 

August, 1972 

Dallas, Texas 
April, 1973 

Dallas, Texas 
A p r i l ,  1973 

Dallas , Texas 
April, 1973 

Dallas, Texas 
A p r i l  , 1973 

Dallas, Texas 
April, 3-973 

General Papers 
F. Schora 

Dallas, Texas 
A p r i l  , 1973 


